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PREFACE 


The  study  reported  herein  was  Jointly  sponsored  by  the  Federal 
Aviation  Administration  as  part  of  Inter-Agency  Agreement  FA71WAI-218, 
"Development  of  Airport  Pavement  Criteria,"  and  by  the  Office,  Chief  of 
Engineers,  U.  S.  Army,  as  part  of  the  Military  Engineering  Design  for 
Expedient  Airfields  and  Heliports  Study  and  the  Short-Range  Airfield 
Pavement  Research  Program.  Portions  of  the  information  used  in  this 
study  were  obtained  from  tests  conducted  by  the  U.  S.  Army  Construction 
Engineering  Research  Laboratory  with  support  provided  by  the  U.  S.  Army 
Bigineer  Waterways  Experiment  Station  (WES)  for  the  Office,  Chief  of 
Engineers,  U.  S.  Army.  The  study  was  conducted  during  the  period  July 
1971-Dec  ember  1973,  under  the  general  supervision  of  Mr.  James  P.  Sale, 
Chief  of  the  Soils  and  Pavements  Laboratory,  WES.  This  report  was  pre¬ 
pared  by  Dr.  Frazier  Parker,  Jr. 

Directors  of  WES  during  the  conduct  of  this  study  were  BG  E.  D. 
Peixotto,  CE,  and  COL  C  H.  Hilt,  CE.  Technical  Director  was  Mr.  F.  R. 
Brown. 
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CONVERSION  FACTORS,  U.  S.  CUSTOMARY  TO  METRIC  (SI) 

UNITS  OF  MEASUREMENT 

U.  S.  customary  units  of  measurement  used  in  this  report  can  be  converted 


to  metric  (SI)  units  as 

Multiply 

follows : 

By 

To  Obtain 

mils  - 

0.0251* 

millimeters 

inches 

2.5k 

centimeters 

feet 

0.30U8 

meters 

square  inches 

6.1*516 

square  centimeters 

cubic  yards 

0.761*551*9 

cubic  meters 

pounds 

0.1*535*237 

kilograms 

kips 

0.1*5359237 

metric  tons 

pounds  per  cubic  inch 

0.0276799 

kilograms  per  cubic 

centimeter 

pounds  per  cubic  foot 

16.0181*9 

kilograms  per  cubic 

meter 

pounds  per  square  inch 

6891*. 757 

pascals 

Fahrenheit  degrees 

5/9 

Celsius  degrees  or 

Kelvins* 

*  To  obtain  Celsius  (C)  temperature  readings  from  Fahrenheit  (F)  read¬ 
ings,  use  the  following  formula:  C  ■  ( 5/9) (F  -  32).  To  obtain 
Kelvin  (K)  readings,  use:  K  ■  ( 5/9) (F  -  32)  +  273.15. 
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INTRODUCTION  AND  SUMMARY 


INTRODUCTION 

In  the  past  several  years,  considerable  interest  has  been  gen¬ 
erated  in  the  use  of  concrete  containing  discrete,  randomly  dispersed 
steel  fibers  for  pavement  applications.  The  introduction  of  fibers  into 
the  concrete  matrix  imparts  to  the  concrete  certain  characteristics, 
such  as  resistance  to  spalling  and  the  ability  to  sustain  load  and  keep 
cracks  tightly  closed  after  cracking,  which  improve  the  performance  of 
fibrous  concrete  pavement  when  compared  with  plain  or  conventionally  re¬ 
inforced  concrete  pavement.  Thus,  a  reduction  in  required  thickness  can 
be  realized  by  using  fibrous  concrete  in  place  of  plain  or  convention¬ 
ally  reinforced  concrete.  In  areas  vhf.re  there  is  a  shortage  of  quality 
aggregate  or  where  a  reduction  in  required  pavement  thickness  is  essen¬ 
tial  because  of  such  factors  as  grade  or  drainage  considerations,  it  may 
be  advantageous  to  use  fibrous  concrete  pavement  in  lieu  of  conventional 
types  of  pavement.  Fibers  can  be  used  with  available  aggregate  to  im¬ 
prove  the  quality  of  the  concrete  or  it  may  become  feasible  to  import 
higher  quality  aggregate  since  the  addition  of  fibers  will  permit  thin¬ 
ner  sections  and  therefore  require  less  aggregate.  Cost  will  be  the 
controlling  factor  in  the  use  of  fibrous  concrete,  but  unfortunately  the 
state-of-the-art  has  not  progressed  to  the  point  at  which  reliable 
guidance  can  be  given  concerning  the  economic  aspects  of  the  use  of 
fibrous  concrete.  This  report  contains  the  results  of  an  investigation 
conducted  by  the  U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES) 
for  the  purpose  of  developing  criteria  for  the  design  of  fibrous  con¬ 
crete  airport  pavements  and  guidance  for  constructing  these  pavements. 

SUMMARY 

This  report  contains  a  discussion  of  the  behavioral  properties 
of  fibrous  concrete  and  the  possible  effects  of  these  properties  on  the 
performance  of  pavements  constructed  with  the  material.  Comparisons  of 
various  characteristics  of  fibrous  concrete  and  material  character is- 
tics  desirable  for  airport  pavement  applications  indicate  that  use  of 
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fibrous  concrete  would  be  desirable.  Pavements  constructed  and  tested 
by  WES  and  by  other  agencies  are  described,  and  the  results  from  these 
tests  are  presented  and  analyzed.  From  these  test  results,  recommended 
criteria  for  selecting  slab  thickness  and  joint  requirements  are  formu¬ 
lated  and  guidance  for  constructing  fibrous  concrete  pavements  is  de¬ 
veloped.  The  recommended  criteria  are  compatible  with  current  Federal 
Aviation  Administration  (FAA)  and  Corps  of  Engineers  design  systems. 
Specific  recommendations  are  provided,  as  required,  to  reflect  observed 
differences  between  the  performance  of  fibrpus  and  plain  or  convention¬ 
ally  reinforced  concrete  pavement.  The  recommended  criteria  vill  result 
in  thinner  pavements  with  larger  permissible  Joint  spacings.  Construc¬ 
tion  of  fibrous  concrete  pavement  can  be  accomplished  using  conventional 
batching,  mixing,  and  paving  equipment.  Developing  procedures  and 
equipment  for  bulk  handling  of  fibers  is  the  primary  area  in  which 
additional  work  is  needed. 


BACKGROUND 


DEFINITION  OF  FIBROUS  CONCRETE 

Fibrous  concrete  is  a  composite  material  consisting  of  a  concrete 
matrix  containing  a  random  dispersion  of  small  fibers .  Numerous  types 
of  fiber  material  have  been  used  including  steel,  fiberglass,  nylon, 
asbestos,  rayon,  cotton,  polypropylene,  and  polyethylene.  Attention, 
particularly  in  the  United  States,  is  currently  focused  on  use  of  steel 
and  fiberglass  fibers.  For  pavement  applications,  only  steel  fibers 
have  been  seriously  considered.  Only  the  use  of  steel  fibers  has  been 
considered  in  this  study;  therefore,  the  recommended  criteria  should 
only  be  considered  applicable  to  concrete  containing  steel  fibers. 

MECHANICS  OF  FIBER  STRENGTHENING 

The  inclusion  of  fibers  in  the  concrete  matrix  alters  the  prop¬ 
erties  of  the  resulting  composite  material.  The  ductile,  high-tensile- 
strength  fibers  compensate  for  the  low  tensile  strength  and  low  ductil¬ 
ity  of  the  concrete  and  enhance  the  mechanical  and  physical  properties 
of  the  composite.  Properties  such  aB  fatigue  endurance,  impact  resis¬ 
tance,  and  toughness  are  improved. 

The  response  of  the  composite  can  be  explained  by  considering  the 
manner  in  which  brittle  materials  such  as  concrete  fail.  Hsu  et  al. 
attribute  the  low  tensile  strengh  of  concrete  to  the  propagation  of 
cracks  originating  from  internal  flaws  within  the  matrix.  The  internal 
flaws  consist  of  air  voids,  deleterious  material  particles,  or  micro¬ 
cracks  formed  during  curing.  The  ductile,  high-tensile-strength  fibers 
compensate  for  the  low  tensile  strength  and  brittle  character  of  the 
concrete  by  acting  as  arrestors  which  restrict  the  growth  of  the  flaws. 

Mechanisms  for  explaining  fiber  strengthening  were  proposed  and  ex- 

2  3 

per iment ally  verified  by  Romualdl  and  Batson.  * 

The  fiber  strengthening  mechanism  may  be  explained  by  considering 
Figure  1.  This  figure  is  a  schematic  load-deflection  curve  for  a  fi¬ 
brous  concrete  beam.  Up  to  point  A,  the  response  of  the  beam  is  linear, 
but  beyond  this  point  it  becomes  nonlinear  and  reaches  a  maximum  at 
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point  B.  The  stress  at  point  A  is  defined  as  the  first  crack  strength 
and  that  at  point  B  as  the  ultimate  strength.  The  fiber  strengthening 
mechanism  considered  in  the  following  paragraphs  explains  the  behavior 
up  to  the  first  crack  strength.  After  the  development  of  the  first 
crack,  a  different  mechanism  is  used  to  explain  the  continued  ability  of 
the  material  to  sustain  load. 

The  fiber  strengthening  mechanism  may  be  developed  by  consider¬ 
ing  Figure  2,  which  shows  a  side  view  of  an  internal  crack  between  two 
fibers.  The  material  in  the  vicinity  of  the  crack  is  subjected  to  a 
tensile  stress  a  .  As  the  crack  begins  to  grow,  the  strains  at  the 
tip  of  the  crack  become  larger  than  the  average  strains  because  of  the 
stress  concentration  at  the  tips.  The  fibers  being  stiffer  than  the 
concrete  resist  the  displacement  at  the  crack  tip.  Bond  stresses  be¬ 
tween  the  concrete  and  fibers  are  developed  that  act  to  reduce  the 
stress  concentration  at  the  crack  tip,  thereby  permitting  a  higher  level 
of  gross  stress  to  exist  before  the  crack  propagates.  The  ability  of 
the  fibers  to  resist  crack  propagation  is  dependent  primarily  on  the 
bond  between  the  fibers  and  concrete  and  the  fiber  spacing.  The  bond 
between  the  concrete  and  fibers  is  the  mechanism  whereby  the  stress  is 
transferred  from  the  concrete  to  the  fibers.  A  schematic  distribution 
of  the  bond  stresses  along  the  fibers  is  also  shown  in  Figure  2.  The 
ability  of  the  fibers  to  develop  sufficient  bond  is  dependent  on  the 
fiber  geometry  (length  and  cross  section).  Assuming  that  the  geunetry 

of  the  fibers  is  sufficient  to  develop  the  necessary  bond,  it  has  been 

3 

shown  by  Romualdi  and  Batson  that  the  theoretical  first  crack  strength 
is  inversely  proportional  to  the  fiber  spacing,  as  shown  in  Figure  3. 
Romualdi  and  Mandel  have  shown  that  the  expected  ratio  of  first  crack 
strength  of  mortar  with  short  fibers  to  first  crack,  strength  of  plain 
mortar  is  a  function  of  fiber  spacing,  as  shown  in  Figure  U.  Also  shown 
in  Figure  k  are  experimental  data  verifying  this  relationship. 

For  realistic  conditions  of  fiber  size  and  percentage  of  fibers, 
sufficient  bond  may  not  be  developed  to  significantly  increase  first 
crack  strength.  For  certain  sizes  of  fibers,  it  may  not  be  possible  to 
mix  adequately  enough  fibers  to  increase  first  crack  strength.  The 
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problem  of  mixing  will  be  considered  later.  The  combined  effects  of 
spacing  and  fiber  geometry  are  illustrated  in  Figure  5,  which  shows  the 
results  of  tests  conducted  by  Snyder  and  Lankard.'*  General  trends  indi¬ 
cated  in  this  figure  are  as  follows: 

a.  Fibers  increase  the  strength  of  the  material. 

b.  Increasing  fiber  content  or  conversely  decreasing  fiber 
spacing  results  in  higher  strength.  (Two  points  for  0.5- 
and  1.0-in. #  fibers  for  smaller  spacings  are  discounted  • 
because  of  poor  workability.) 

c.  Strength  increases  as  the  fiber  length  increases.  (This 
trend  illustrates  the  importance  of  bond  development  since 
bond  development  varies  directly  with  fiber  length. ) 

Thus  far,  only  the  first  crack  strength  has  been  considered. 
However,  at  this  point,  the  ultimate  load-carrying  capacity  of  fibrous 
concrete  will  be  considered  since  it  is  the  postcracking  response  which 
accounts  for  the  improvements  in  mechanical  properties  and  the  resulting 
performance  of  fibrous  concrete  pavements. 

Fibrous  concrete  still  has  considerable  load-carrying  capacity 
after  initial  cracking,  as  illustrated  in  Figure  1.  For  plain  concrete, 
the  first  crack  and  ultimate  strength  are  synonymous,  but  for  fibrous 
concrete  the  cracks  cannot  extend  without  stretching  or  debonding  the 
fibers.  Consequently,  additional  energy  is  required  before  the  ultimate 
stress  and  complete  fracture  occur. 

Before  the  discussion  of  the  mechanical  properties  of  fibrous 
concrete  and  the  response  of  fibrous  concrete  pavement  slabs  to  load  is 
presented,  the  relationships  between  strength  (first  crack  and  ultimate) 
and  fiber  geometry  will  be  examined  further  by  considering  Equation  1 
developed  by  Romualdi  and  Mandel  for  average  fiber  spacing  and  experi¬ 
mental  results  presented  by  Waterhouse  and  Luke.^  The  equation  devel¬ 
oped  by  Romualdi  and  Mandel  for  the  average  fiber  spacing  is 

s  =  13.8  dVl/P  (!) 


*  A  table  of  factors  for  converting  U.  S.  customary  units  of  measure¬ 
ment  to  metric  (SI)  units  is  presented  on  page  5« 
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•  —  r** 


where 


s  =  spacing  between  centroids  of  fibers,  in. 

d  -  fiber  diameter,  in. 

p  =  percent  fiber  reinforcement  by  volume 

Figure  6  illustrates  the  effect  of  fiber  volume  on  the  first 
crack  and  ultimate  flexural  strength.  This  figure  verifies  previous 
conclusions  that  the  flexural  strength  varies  inversely  with  fiber 
spacing.  In  Equation  1,  if  d  remains  constant,  the  spacing  will 
decrease  as  the  volume  of  fibers  increases. 

Figure  T  illustrates  the  effect  of  fiber  length  and  fiber  diam¬ 
eter  (or  equivalent  diameter).  In  Equation  1,  if  p  and  d  remain 
constant,  the  spacing  will  remain  constant;  thus,  the  improvement  in 
strength  can  be  attributed  to  the  better  bond  developed  by  the  longer 
and  smaller  diameter  fibers.  Another  interesting  aspect  of  fibrous  con¬ 
crete  is  illustrated  in  Figures  6  and  7.  This  is  the  problem  of  mixing 
fibers,  which  will  be  mentioned  briefly  here  and  discussed  in  more  de¬ 
tail  later.  Based  on  Figures  6  and  7,  the  ideal  situation  would  be  to 
have  long  fibers  with  small  cross-sectional  areas.  However,  as  the 
aspect  ratio  (length  to  diameter  or  equivalent  diameter  for  fibers  with 
cross-sectional  shapes  other  than  round)  increases,  the  mixability 
decreases.  As  an  example,  for  the  study  conducted  by  Waterhouse  and 
Luke,*’  the  maximum  length  of  fibers  with  a  0.010-in.  diameter  which 
could  be  mixed  was  about  1-1/4  in.,  while  for  the  0.020-in.  diameter 
fibers,  longer  lengths  could  be  adequately  mixed.  This  factor  should 
be  kept  in  mind  when  interpreting  data  presented  in  these  curves. 

Figure  8  illustrates  the  effect  of  fiber  diameter.  As  the  diam¬ 
eter  decreases,  the  flexural  strength  increases  for  a  constant  length 
and  volume.  The  effect  of  fiber  diameter  can  also  be  illustrated  by 
considering  Equation  1.  In  this  equation,  if  p  remains  constant,  the 
spacing  should  decrease  as  fiber  diameter  decreases.  Therefore,  the 
strength  should  increase  as  the  diameter  decreases. 
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In  summary,  the  following  conclusions  can  "be  drawn: 

a.  The  inclusion  of  fibers  increases  the  first  crack  and 
ultimate  flexural  and  tensile  strength. 

b.  The  inclusion  of  fibers  in  a  concrete  matrix  increases  the 
ductility  of  the  composite. 

£.  The  efficiency  of  the  fibers  as  crack  arrestors  is  dependent 
on  the  spacing  of  the  fibers  (or  volume  of  fibers),  providing 
the  necessary  bond  is  developed  between  the  fibers  and  the 
concrete  matrix. 

d.  The  ability  of  the  fibers  to  develop  bond  varies  directly 
with  the  length  and  inversely  with  the  diameter,  i.e.,  for  a 
given  volume  percentage  and  length  of  fibers,  the  smaller  the 
fiber  diameter  the  larger  will  be  the  bond  area. 

MATERIAL  CHARACTERISTICS 

In  addition  to  increasing  the  tensile  (flexural)  strength  of 
concrete,  the  addition  of  fibers  enhances  certain  other  properties  which 
are  important  from  the  standpoint  of  pavement  performance.  Among  these 
are  increased  ductility  and  toughness,  increased  dynamic  strength,  in¬ 
creased  resistance  to  spalling,  and  increased  fatigue  strength.  Limited 
available  data  indicate  that  abrasion  resistance  and  thermal  conduc¬ 
tivity  may  be  somewhat  increased.  Compressive  strength  is  only  slightly 
increased  and  the  modulus  of  elasticity  remains  essentially  unchanged. 

As  illustrated  in  the  previous  section,  the  tensile  and  flexural 

strength  of  the  resulting  composite  (fibrous  concrete)  is  increased  when 

7 

fibers  are  added  to  concrete.  Batson  reports  increases  in  first  crack 
flexural  strength  of  fibrous  concrete  of  up  to  2.5  times  the  strength  of 
plain  concrete  with  fiber  contents  up  to  h  percent  by  volume.  Gray  and 

Q 

Rice  indicate  that  increases  of  150  and  200  percent  can  be  expected  for 

first  crack  and  ultimate  flexural  strength,  respectively.  Comparisons 

such  as  these  are  rather  meaningless  because  of  the  variations  which 

occur  between  fiber  types,  test  procedures,  and  methods  for  comparing 

data.  There  is  also  no  basis  for  selecting  comparable  plain  and  fibrous 

concrete  mixtures.  The  difficulties  in  comparing  strengths  are  sum- 

o 

marized  below  by  Dixon  and  Mayfield. 
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Associated  with  this  ambiguity  of  definition 
is  the  consideration  of  the  control  mix  necessary 
for  a  datum  with  which  to  compare  mixes  containing 
added  chopped  wire.  If  chopped  wire  is  merely  added 
to  given  constant  mix  proportions,  the  workability 
will  obviously  decrease,  due  to  particle  interfer¬ 
ence  and  the  increase  in  surface  area  to  be  covered 
by  the  paste.  The  apparent  increase  in  strength 
shown  could  have  been  more  easily  and  cheaply  pro¬ 
duced  by  either  a  reduction  of  water  or  an  increase 
in  cement.  If  the  chosen  criterion  is  constant 
workability  extra  water  must  be  added  with  a 
possible  reduction  in  comparable  strength. 

In  order  for  results  to  be  meaningful,  the  mix  used  and  specific  con¬ 
ditions  for  batching,  mixing,  curing,  and  testing  must  be  considered. 

Much  of  the  data  reported  has  been  for  concrete  that  has  a  high  fiber 
content  (in  many  cases,  higher  than  can  be  used  in  the  field)  and  that 
has  been  batched,  mixed,  and  cured  in  the  laboratory  and  tested  in 
small  beams  (less  than  6-  by  6-  by  36-in.  beams).  Under  these  condi¬ 
tions,  higher  strengths  have  been  obtained  than  can  be  obtained  under 
field  conditions.  Under  field  conditions,  mixtures  which  can  be  mixed 
and  placed  will  yield  ultimate  flexural  strengths  of  about  1000  psi  at 
90  days  as  measured  with  6-  by  6-  by  36-in.  beams  tested  according  to 
American  Society  for  Testing  and  Materials  (ASTM)  Designation:  C  78-6U.10 
An  expected  range  would  be  from  900  to  1300  psi  depending  on  the  worka¬ 
bility  required  for  proper  placement.  Results  reported  by  Parker , 
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Grambling,  and  Arnold  and  Brown  and  of  tests  conducted  as  part  of 
this  study  verify  this  range  of  expected  strength. 

The  ductility  of  fibrous  concrete  is  greater  than  that  of  plain 
concrete.  Figure  9  illustrates  typical  load-deflection  curves  for  plain 
and  fibrous  concrete  beams.  The  initial  straight-line  portion  for  both 
curves  is  essentially  the  same,  so  values  of  the  modulus  of  elasticity 
for  fibrous  concrete  will  be  essentially  the  same  as  those  for  plain 
concrete  made  from  the  same  materials.  The  ultimate  load  for  plain 
concrete  corresponds  to  the  first  crack  load  for  fibrous  concrete  inas¬ 
much  as  the  ultimate  load  for  the  plain  beam  is  the  load  at  which  the 
first  crack  propagates  through  the  specimen.  For  fibrous  concrete,  the 
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first  crack  load  does  not  result  in  a  catastrophic  failure  as  it  does 
for  plain  concrete,  and  the  specimen  will  withstand  additional  load  be¬ 
fore  an  ultimate  is  reached.  After  the  ultimate  load  is  reached,  the 
load  begins  to  decrease  but  catastrophic  failure  does  not  occur  at  this 
point  either.  The  behavior  of  the  beam  after  the  first  crack  condition 
is  reached  is  a  result  of  the  debonding  and  stretching  of  the  fibers 
across  the  cracks  in  the  beam. 

"Toughness”  is  the  energy  required  to  completely  separate  the 
specimen.  The  area  under  the  stress-strain  curve  (in  this  case,  the 
load-deflection  curve)  is  a  measure  of  the  toughness  of  a  material. 

From  Figure  9»  it  can  be  seen  that  fibrous  concrete  offers  a  significant 
improvement  in  this  respect  over  plain  concrete. 

Tests  reported  for  the  Ohio  River  Division  Laboratories  (ORDL)  by 
Williamson^  and  Birkimer  and  Hossley^  indicate  that  the  dynamic 
strength  of  fibrous  concrete  is  greater  than  that  of  plain  concrete. 
Dynamic  flexural  and  compressive  tests,  impact  tests,  and  tests  with 
explosive  loading  conducted  during  the  studies  reported  in  References 
lU-16  all  showed  that  fibrous  concrete  resists  these  types  of  loadings 
better  than  plain  concrete.  Figure  10a  shows  a  plain  concrete  cylinder 
after  dynamic  compressive  loading,  and  Figure  10b  shows  a  fi  brous 
concrete  cylinder  subjected  to  the  same  loading.  The  plain  concrete 
shattered,  while  the  fibrous  concrete  remaii,ad  intact.  Figure  11a  shows 
a  plain  concrete  slab  after  being  subjected  to  an  explosive  loading,  and 
Figure  lib  shows  a  fibrous  concrete  slab  after  being  subjected  to  the 
same  loading.  The  plain  concrete  slab  completely  disintegrated,  while 
the  fibrous  concrete  slab  held  together.  The  explosive  loading  tests 
indicate  that  for  fibrous  concrete  the  number  of  fragments  resulting 
from  explosion  can  be  reduced  in  excess  of  80  percent. 

Airport  pavements  receive  impact  loadings  during  landings  and 
rather  rapid  loadings  during  takeoffs  and  landings.  Presently,  it  is 
felt  that  dynamic  loading  conditions  are^not  as  severe  in  terms  of  pave¬ 
ment  performance  as  static  or  slow  moving  loading  conditions.  It  would 
appear  therefore  that  improvements  in  the  response  of  fibrous  concrete 
to  dynamic  loading  should  enhance  the  performance  of  fibrous  concrete 
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pavements  subjected  to  slov  moving  loads.  However,  no  experimental  data 
exist  nor  have  any  theoretical  studies  been  conducted  to  substantiate 
or  disprove  this  effect. 

Another  property  of  fibrous  concrete  which  makes  it  superior  to 
plain  concrete  is  its  resistance  to  spalling.  There  is  no  quantitative 
measure  for  spall  resistance,  but  qualitatively  this  property  can  be 
determined  from  results  of  dynamic  and  explosive  loading  tests  as  shown 
in  Figures  10  and  11.  In  both  of  these  figures,  it  can  be  seen  that  the 
fibrous  concrete  specimens  do  not  disintegrate  upon  loading  but  are  held 
together  by  the  fibers.  Although  the  loadings  on  pavements  will  be  dif¬ 
ferent,  the  ability  of  fibrous  concrete  to  remain  intact  after  cracking 

will  result  in  much  less  spalling. 
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Forrest  et  al.  report  that  the  fatigue  flexural  strength  of 

plain  concrete  (2  *  10^  to  10  x  10^  load  repetitions)  ranges  from  about 

l8 

50  to  60  percent  of  the  static  strength.  Batson  et  al.  speculate  that 
the  fatigue  strength  of  fibrous  concrete  would  be  increased  because 
"...the  propagation  of  a  flaw  in  fibrous  concrete  subject  to  cyclic 
loading  would  be  retarded  by  the  use  of  closely  spaced  steel  fibers...." 

Experimental  data  presented  by  Batson  et  al.^  and  Bair^  indi¬ 
cate  that  the  expected  increases  in  fatigue  strength  occur  only  for  ma¬ 
terials  with  2.98  percent  of  fibers,  a  greater  percentage  than  can  be 
mixed  and  placed  under  field  conditions.  One  series  of  tests  with 

2.98  percent  fibers  and  two  series  of  tests  with  2.00  percent  fibers 
19 

reported  by  Ball  showed  that  the  fatigue  strengths  of  the  resulting 
materials  were  comparable  to  that  of  plain  concrete.  It  should  be  noted 
that  some  of  the  tests  reported  were  for  complete  reversal  of  loading 
and  others  were  for  loading  from  zero  to  the  maximum  value. 

Another  complicating  factor  to  be  considered  when  processing  the 
results  of  fatigue  tests  is  the  definition  of  the  strength  used  to  com¬ 
pute  the  stress  to  strength  ratio.  For  the  tests  reported,  the  first 
crack  static  strength  was  used  and  fatigue  failure  defined  as  the  repe¬ 
tition  level  at  which  deflections  become  large.  The  use  of  the  ultimate 
static  strengths  would  have  resulted  in  smaller  stress  ratios  and  thereby 
reduced  the  apparent  influence  of  the  fibers.  Because  of  the  limited 


data  available  and  because  of  the  ambiguity  which  exists  in  defining 
strength  ratios,  it  is  concluded  that  the  addition  of  fibers  in  quanti¬ 
ties  which  can  be  mixed  and  placed  in  the  field  has  little  or  no  effect 
on  the  fatigue  strength  of  concrete. 

20 

Tests  conducted  by  Mikkelmeni  indicate  that  the  resistance  to 
abrasion  of  concrete  may  be  somewhat  increased  by  the  addition  of  fi¬ 
bers.  This  conclusion,  however,  is  based  on  qualitative  data  and  is 

limited  to  a  specific  set  of  materials  and  test  conditions. 

o 

Dixon  and  Mayfield  report  that  the  inclusion  of  vire  fibers  in¬ 
creases  the  thermal  conductivity  of  the  concrete.  Increased  thermal  < 
conductivity  results  in  more  uniform  temperature  distributions  through 
slabs.  This  should  theoretically  reduce  warping  stresses  in  the  slabs 
caused  by  nonuniform  temperature  distributions. 

The  rather  severe  environmental  conditions  to  which  a  pavement  is 
subjected  may  result  in  corrosion  of  the  steel  fibers  and  loss  of  the 
beneficial  effects  of  the  fibers.  The  large  surface  area  to  volume 
ratio  of  th£  fibers  makes  them  more  susceptible  to  corrosion  than  con¬ 
ventional  reinforcement.  However,  no  data  exist  which  show  conclusively 
either  the  Mature  of  the  effect  of  fiber  corrosion  on  pavement  perfor¬ 
mance  or  even  if  it  does  have  a  significant  effect. 

Some  qualitative  information  on  fiber  corrosion  has  been  accumu¬ 
lated  from  experimental  pavements  which  have  been  in  place  for  a  number 
of  years.  This  information  is  based  on  limited  visual  observations,  but 
it  does  permit  some  preliminary  conclusions  to  be  drawn.  The  corrosion 
of  fibers  on  the  surface,  within  the  pavement,  across  open  cracks,  and 
across  cracks  that  are  held  closed  are  considered  separately. 

Based  on  observations  of  pavements  constructed  to  date,  the 
fibers  on  exposed  surfaces  oxidize  and  deteriorate  rather  rapidly. 
However,  the  deterioration  appears  to  be  limited  to  the  surface  and,  as 
a  result,  should  not  affect  pavement  performance. 

There  is  no  indication  that  fibers  within  pavement  slabs  deterio¬ 
rate.  Cores  taken  in  1972  from  fibrous  concrete  slabs  constructed  at 
ORDL  in  1967  and  at  Lockbourne  APB,  Ohio,  in  1970  showed  no  evidence  of 
fiber  deterioration  within  the  concrete.  Figure  12a  shows  a  core  taken 
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from  one  of  the  slabs  with  no  apparent  deterioration  of  the  fibers.  A 
21 

study  by  Shroff  indicated  that  no  change  in  flexural  strength  occurred 
when  mortar  with  fibers  was  alternately  submerged  in  salt  water  and 
dried  for  90  days.  All  the  data  accumulated  thus  far  indicate  that  the 
performance  of  fibrous  concrete  pavements  should  not  be  adversely 
affected  by  the  corrosion  of  fibers  within  the  concrete. 

When  considering  deterioration  or  corrosion  of  fibers  at  a  crack, 
two  distinct  types  of  cracks  must  be  considered.  Cracks  which  occur  due 
to  shrinkage  or  volume  change  of  the  concrete  or  reflective  cracks  in 
overlays  due  to  volume  change  in  the  base  pavement  constitute  the  first 
type.  It  has  been  observed  that  such  cracks  are  sufficiently  wide  to 
admit  water  and  air  and  that  corrosion  of  the  fibers  occurs  rapidly. 
However,  the  width  of  this  type  crack  will  be  such  that  unbonding  or 
breaking  of  the  fibers  across  the  crack  will  have  occurred,  and  as  a 
consequence,  any  deterioration  of  the  fibers  due  to  corrosion  will  have 
little  if  any  effect  on  the  pavement  performance.  In  a  number  of  the 
experimental  pavements  built  thus  far,  insufficient  or,  in  some  cases, 
no  Joints  were  provided.  As  a  result,  cracks  occurred  which  opened  up 
rather  wide  and  the  fibers  deteriorated  rapidly.  Figure  12b  shows  a 
core  taken  across  such  a  crack  which  occurred  in  one  of  the  slabs  con¬ 
structed  at  ORDL  in  1967*  The  fibers  across  this  crack  were  completely 
deteriorated. 

Load-induced  cracks  are  the  other  type  which  must  be  considered. 
These  are  cracks  which  occur  upon  application  of  loads  to  the  pavement. 
In  most  cases,  these  cracks  are  not  continuous  and  are  initially  held 
tightly  closed  by  the  fibers.  They  propagate,  open  up,  and  become 
working  cracks  only  with  the  continued  application  of  loads.  If  the 
fibers  across  such  cracks  deteriorate  because  of  corrosion,  then  the 
performance  of  the  pavement  will  be  adversely  affected.  Sufficient 
data  are  not  available  to  draw  any  definite  conclusions  concerning  the 
deterioration  of  fibers  across  such  cracks.  As  a  result,  the  design 
criteria  which  are  presented  later  in  this  report  were  developed  based 
on  a  failure  condition  in  which  only  a  minimum  amount  of  cracking  had 
occurred. 

18 
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RESPONSE  OF  FIBROUS 

CONCRETE  PAVEMENT  SLABS  TO  LOAD 

The  response  of  fibrous  concrete  slabs  to  repeated  applications 
of  load  will  be  influenced  by  the  material  properties  discussed  in  the 
previous  section.  One  of  these  is  the  high  energy-absorbing  character¬ 
istic  or  toughness  of  fibrous  concrete. 

When  pavement  slabs  are  loaded,  the  critical  stress  in  the  slab 
is  assumed  to  be  the  tensile  stress  at  the  bottom  of  the  slab.  There 
are  conditions  such  as  loading  at  corners  for  which  the  maximum  tensile 
stress  occurs  at  the  top  of  a  slab.  When  the  tensile  strength  of  the 
concrete  is  exceeded,  a  crack  will  occur.  For  plain  concrete  pavements, 
this  crack  will  not  immediately  propagate  to  the  surface  as  it  does  with 
a  beam  but  requires  additional  energy  before  this  propagation  will 
occur.  The  required  energy  is  supplied  by  additional  repetitions  of 
load  and  changes  in  temperature. 

For  fibrous  concrete  pavements,  the  energy  requirements  or  load 
applications  required  for  the  crack  to  propagate  to  the  surface  will  be 
higher  than  those  for  plain  concrete  because  of  the  higher  energy¬ 
absorbing  characteristic  of  fibrous  concrete.  The  load-deflection 
diagrams  for  both  plain  and  fibrous  concrete  beams  shown  in  Figure  9 
illustrate  that,  even  after  the  ultimate  load  is  reached  for  the  fibrous 
concrete  beam,  considerable  energy  is  required  before  complete  fracture 
occurs.  This  characteristic  is  also  illustrated  by  the  response  of  a 
fibrous  concrete  beam  during  loading.  A  crack  forms  at  the  bottom  of 
the  beam  but  does  not  immediately  propagate  to  the  surface  and  cause 
failure  of  the  beam.  The  load  must  be  sustained  in  order  to  debond  or 
stretch  the  fibers  across  the  crack  before  the  crack  will  reach  the  top 
of  the  beam.  This  requirement  means  that  for  comparable  fibrous  con¬ 
crete  and  plain  concrete  pavements  having  the  some  strength  concrete, 
surface  cracking  should  occur  earlier  in  the  plain  concrete  pavement 
than  in  the  fibrous  concrete  pavement. 

After  the  cracks  reach  the  surface,  the  fibers  will  prevent  the 
cracks  from  propagating  horizontally  to  a  free  ^dge.  In  the  previous 
section,  the  mechanism  by  which  fibers  resist  the\propagation  of  small 


cracks  or  flaws  within  the  concrete  was  discussed.  On  a  macroscopic 
scale,  the  same  phenomenon  occurs.  Figures  13  and  14  show  cracked 
fibrous  concrete  slabs.  From  these  figures,  it  can  be  seen  that  visible 
cracks  are  discrete  and  discontinuous.  The  cracks  shown  in  Figure  13 
probably  developed  because  of  tensile  stresses  in  the  bottom  of  the 
slab,  while  those  shown  in  Figure  lU  probably  developed  because  of  ten¬ 
sile  stresses  in  the  top  of  the  slab.  However,  it  should  be  noted  that 
the  latter  cracks  are  also  discontinuous.  The  formation  of  discontin¬ 
uous  cracks  is  contrary  to  the  behavior  of  plain  concrete  slabs,  in 
which  cracks  propagate  to  a  free  edge  when  they  form.  As  traffic  con¬ 
tinues,  cracks  in  fibrous  concrete  slabs  will  continue  to  propagate 
until  a  free  edge  or  another  crack  is  encountered. 

The  mechanism  by  which  fibers  restrict  the  growth  of  cracks  is 
similar  to  that  discussed  in  the  preceding  section  for  internal  micro¬ 
cracks  and  flaws.  When  cracks  first  occur  in  fibrous  concrete  pavement, 
they  are  held  tightly  closed  by  the  fibers.  They  can  only  be  seen  by 
very  careful  examination,  and  at  times  wetting  of  the  slab  is  necessary 
to  find  them.  The  fibers  across  the  cracks  being  stiffer  than  the  con¬ 
crete  reduce  the  stress  concentrations  at  the  ends  of  the  crack  and 
prevent  it  from  propagating.  Additional  load  applications  are  necessary 
to  produce  the  energy  required  for  the  crack  to  open  up  and  propagate 
further.  Therefore,  for  identical  conditions  of  strength,  thickness, 
and  applied  stress,  a  fibrous  concrete  slab  should  carry  more  repeti¬ 
tions  of  load  before  the  crack  reaches  the  surface  and  propagates  to  a 
free  edge. 

Figure  15  illustrates  three  cracks  at  various  stages  of  their 
development.  Crack  1  is  in  the  early  stages  of  development  and  is  not 
visible  through  the  layer  of  paint.  Crack  2  has  developed  to  the  point 
at  which  it  is  visible  through  the  paint  at  several  locations,  and 
crack  3  has  opened  up  considerably  and  is  easy  to  see.  Crack  3  is  in 
an  advanced  stage  of  development,  and  from  the  standpoint  of  performance 
of  the  pavement,  it  would  be  as  detrimental  as  a  crack  in  plain  concrete 
which  had  Just  formed.  This  crack  has  opened  up  sufficiently  to  permit 
infiltration  of  moisture  and  cause  a  reduction  in  load  transfer  across 
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the  crack.  If  it  is  assumed  that  crack  3  initially  occurred  at  some 
lower  traffic  level  and  required  additional  traffic  to  propagate  and 
open  up,  it  is  apparent  that  the  occurrence  of  the  first  crack  in  a 
fibrous  concrete  slab  is  not  comparable  to  the  occurrence  of  the  first 
crack  in  a  plain  concrete  slab  from  the  standpoint  of  pavement  perfor¬ 
mance.  This  conclusion  leads  to  a  rather  arbitrary  definition  of  first 
crack  failure  for  fibrous  concrete  pavement. 

In  plain  concrete  pavements,  the  first  crack  that  develops  propa¬ 
gates  to  a  free  edge  so  that  first-  crack  failure  is  reached  when  a  slab 
is  broken  into  two  to  three  pieces.  For  fibrous  concrete  pavements,  the 
first  crack  that  develops  does  not  propagate  to  a  free  edge  and  is 
really  not  detrimental  to  the  load-carrying  capability  of  the  pavement. 
As  a  result,  the  definition  used  to  describe  the  first  crack  or  initial 
failure  condition  for  fibrous  concrete  pavement  is  only  an  attempt  to 
describe  a  condition  of  fibrous  concrete  pavement  which  would  be  compa¬ 
rable  to  the  condition  of  plain  concrete  pavement  at  first  crack  or 
initial  failure.  For  the  accelerated  traffic  tests,  the  first  crack 
failure  condition  was  selected  by  visually  examining  the  condition  of 
the  slabs  and  determining  when  a  crack  or  cracks  similar  to  crack  3  in 
Figure  15  had  developed  to  the  point  at  which  it  would  be  as  detrimental 
to  the  performance  of  the  fibrous  concrete  pavement  as  a  crack  in  a 
plain  concrete  pavement. 

Although  design  is  usually  based  on  the  initial  crack  failure 

condition,  the  slabs  can  safely  carry  additional  traffic  after  this  con- 
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dition  has  been  reached.  According  to  Hutchinson,  condition  surveys 
and  accelerated  test  track  studies  have  indicated  that  pavements  con¬ 
structed  on  high-strength  foundations  (having  modulus  of  subgrade  re¬ 
action  values  of  300  pci  or  greater)  will  continue  to  carry  traffic 
without  undue  displacements  and  maintenance  problems  even  after  the 

slabs  have  cracked.  This  phenomenon  leads  to  the  definition  of  two 
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additional  failure  conditions  described  by  Hutchinson.  These  are  the 
shattered  slab  and  complete  failure  conditions.  The  ability  of  the 
pavement  to  carry  traffic  will  depend  (a)  on  the  ability  of  the  under¬ 
lying  material  to  resist  the  effects  of  water  without  pumping  or 
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permanent  deformation,  (b)  on  the  ability  of  the  slabs  to  resist  farther 
crooking,  and  (c)  on  the  spall  resistance  of  the  concrete  adjacent  to 
cracks  and  joints. 

In  previous  paragraphs,  the  development  of  cracks  in  fibrous  con¬ 
crete  has  been  discussed,  and  it  has  been  shown  that  the  performance  of 
fibrous  concrete  should  be  better  than  that  of  plain  concrete.  Dynamic, 
impact,  and  explosive  loading  tests  indicate  qualitatively  that  the 
spall  resistance  of  fibrous  concrete  should  also  be  better  than  that  of 
plain  concrete.  This  characteristic  has  been  verified  by  accelerated 
traffic  tests.  Figure  16  shows  a  severely  spalled  crack  in  a  plain 
concrete  test  pavement  at  complete  failure.  Spalling  at  cracks  and 
joints  is  usually  associated  with  failure  of  plain  concrete  pavements. 
Figure  17  shows  the  condition  of  typical  cracks  in  fibrous  concrete 
pavement  at  complete  failure.  The  absence  of  deep  spalls  and  the  re¬ 
sulting  debris  has  been  observed  in  all  of  the  fibrous  concrete  pave¬ 
ments  tested.  The  deterioration  of  cracks  in  fibrous  concrete  pavements 
is  characterized  as  raveling  rather  than  spalling  since  the  edges  appear 
to  wear  away  rather  than  break  off  in  large  pieces.  The  ability  of  fi¬ 
brous  concrete  to  resist  spalling  is  clearly  demonstrated  in  Figure  18. 
The  circular-shaped  crack  about  5  in.  in  diameter  located  near  the 
center  of  the  slab  developed  soon  after  traffic  was  started.  Figure  18 
shows  the  condition  of  the  slab  after  considerable  traffic  (1*500  cover¬ 
ages).  The  interior  of  the  circle  was  still  in  place  even  though  some 
deterioration  had  occurred  around  the  perimeter.  The  fact  that  the 
concrete  between  the  cracks  remained  in  place  can  be  attributed  to  the 
spall-resistant  properties  of  fibrous  concrete.  While  not  contributing 
significantly  to  the  first  crack  performance  of  fibrous  concrete  pave¬ 
ments,  the  high  spall  resistance  should  improve  the  postcracking  per¬ 
formance  of  the  pavement. 
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DESCRIPTION  OF  EXPERIMENTAL  INSTALLATIONS 


The  experiment al  fibrous  concrete  pavement  installations  can  be 
divided  into  two  categories:  accelerated  traffic  test  sections-/  and 
field  test  pavements.  The  accelerated  traffic  test  sections  vere  con¬ 
structed  under  controlled  conditions  and  subjected  to  simulated  aircraft 
traffic  to  determine  the  response  of  the  pavements  to  repeated  loads. 
Results  from  these  tests  were  used  to  establish  joint  and  thickness  de¬ 
sign  criteria.  The  field  test  pavements  were  constructed  using  con¬ 
ventional  construction  procedures,  and  their  behavior  was  observed  under 
actual  environmental  and  traffic  conditions.  Results  from  these  tests 
were  used  to  establish  construction  procedures  and  techniques  and  joint 
requirements  and  to  determine  the  effects  of  environmental  conditions. 

In  this  section  of  the  report ,  the  test  installations  will  be 
described,  construction  of  the  pavements  discussed,  and  properties  of 
the  materials  used  in  the  pavements  presented.  The  tests  conducted  for 
this  study  are  presented  in  chronological  order,  and  this  presentation 
is  followed  by  a  summary  of  the  work  conducted  by  other  agencies. 

KEYED  LONGITUDINAL  JOINT  TEST  SECTION 

The  U.  S.  Army  Construction  Engineering  Research  Laboratory 

sponsored  the  construction  and  testing  of  two  fibrous  concrete  test 

pavements  during  June  1971-March  1972.  These  pavements  were  constructed 

at  WES  as  a  part  of  a  test  section  designed  to  study  the  effects  of 

multiple-wheel  heavy  gear  load.  (MWHGL)  aircraft  (C-5A  and  Boeing  7^7 ) 

tn  keyed  longitudinal  construction  Joints.  Results  from  this  study  Eire 
2U 

reported  by  Grau.  The  layout  of  the  test  section  is  shown  in  Figure 

19.  A  6-in.  fibrous  concrete  slab  (item  5  of  the  test  section)  was 
constructed  along  with  the  other  pavements.  The  two  south  slabs  in 
item  3,  which  was  a  10-in.  plain  Portland  cement  concrete  (PCC)  pave¬ 
ment,  failed  after  a  limited  number  of  load  applications  were  applied. 

At  this  time,  traffic  was  stopped  and  a  U-in.  fibrous  concrete  overlay 
constructed  over  all  four  slabs  in  item  3.  The  two  north  slabs  had 
received  no  traffic  prior  to  overlaying. 
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CONSTRUCTION 


The  existing  heavy  clay  subgrade  at  the  test  site  was  constructed 
previously  for  another  test  section.  The  top  6  in.  of  the  subgrade  was 
reprocessed  to  produce  a  strength  of  about  U  CBR  and  then  fine-graded. 
Figure  20  shows  the  finished  surface  of  the  subgrade.  A  l+-in.  sand 
filter  course  was  placed  on  the  finished  subgrade.  Figure  21  shows  the 
finished  surface  of  the  U-in.  sand  filter  course  with  the  side  forms 
and  supports  for  the  movable  vibrator  supports  in  place  for  item  5. 

Round  fibers,  0.0l6  in.  in  diameter  and  1  in.  long,  as  shown  in 
Figure  22  were  used  in  item  5*  Concrete  was  batched  at  a  ready-mix 
facility  by  emptying  the  boxes  of  fibers  onto  a  belt  charging  the  ag¬ 
gregate  to  the  transit-mix  truck.  The  concrete  was  mixed  and  hauled  to 
the  site  by  the  transit-mix  truck.  The  concrete  was  deposited  in  the 
forms,  struck  off,  vibrated,  and  finished  as  shown  in  Figures  23-25* 

The  supports  and  pipes  were  removed  after  consolidation  with  the  vibrat¬ 
ing  screed  was  completed,  and  the  voids  left  by  the  removal  of  the  sup¬ 
ports  and  pipe  were  filled  by  hand.  The  concrete  was  moist-cured  for 
7  days.  Wet  burlap  was  placed  on  the  fresh  concrete  and  kept  wet  for 
2k  hr.  The  burlap  was  then  thoroughly  wetted  and  covered  with  plastic 
sheeting  which  was  maintained  in  place  for  the  remainder  of  the  7-day 
curing  period. 

Some  balling  of  fibers  such  as  that  shown  in  Figures  26  and  27 
occurred.  The  balls  contained  fibers  and  fine  aggregate  and  were  coated 
with  mortar  indicating  that  the  balling  occurred  in  the  truck  after  the 
aggregate  and  fiber  were  charged  but  before  the  cement  and  water  were 
added.  Some  fiber  balls  were  found  which  contained  no  fine  aggregate 
indicating  that  some  clumps  of  fibers  were  never  broken  up  before  the 
cement  and  water  were  added. 

After  the  two  south  slabs  of  item  3  had  reached  a  failure  condi¬ 
tion,  as  illustrated  in  Figure  28,  the  entire  item  was  overlaid  with  a 
U-in.  partially  bonded  fibrous  concrete  slab.  The  surface  of  the  exist¬ 
ing  plain  PCC  slab  was  prepared  by  removing  all  loose  material  from  the 
spalled  cracks  (see  Figure  l6),  removing  Joint  sealant  which  protruded 
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above  the  surface,  and  sweeping  and  washing  the  surface  free  of  debris. 
The  surface  of  the  existing  pavement  was  moistened  prior  to  placing  the 
overlay.  Concrete  was  batched,  mixed,  and  placed  in  the  same  manner  as 
it  was  for  item  5.  Rectangular  fibers,  0.010  by  0.022  in.  in  cross 
section  and  1  in.  long,  as  shown  in  Figure  29  were  used.  The  concrete 
was  practically  free  from  balling,  and  the  few  balls  that  were  found 
were  small.  Although  the  base  pavement  consisted  of  four  25-  by  25-ft 
slabs,  no  Joints  were  constructed  in  the  overlay. 

MATERIAL  PROPERTIES 

The  subgrade  for  both  items  consisted  of  a  heavy  clay  (CH,  E-ll*) 
that  had  a  liquid  limit  (LL)  of  73,  a  plastic  limit  (PL)  of  25,  and  a 
plasticity  index  (Pi)  of  48.  Classification  data  for  this  soil  are 
shown  in  Figure  30.  The  sand  filter  course  placed  over  the  heavy  clay 
subgrade  consisted  of  a  clean  sand  (SP,  E-2).  Classification  data  for 
this  soil  are  also  shown  in  Figure  30.  The  results  of  CBR,  water  con¬ 
tent,  density,  and  plate  bearing  tests  on  the  subgrade  and  the  sand  fil¬ 
ter  course  are  summarized  in  Table  1.  These  tests  were  conducted  as  the 
pavement  was  constructed  and  after  the  completion  of  all  traffic. 

Six-  by  6-  by  36-in.  beams  and  6-  by  12-in.  cylinders  were  cast 

,  27 

during  placement  of  the  fibrous  concrete  according  to  ASTM  C  192-69  ' 
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(CRD-C  10  ).  These  beams  and  cylinders  were  tested  for  strength  and 

modulus  of  elasticity  at  the  initiation  and  completion  of  traffic.  The 
results  of  these  tests  are  presented  in  Table  2  and  summarized  in 
Table  3.  Cores  and  beams  were  removed  from  the  slabs  after  completion  of 
traffic  and  strength  tested  according  to  ASTM  C  42-68‘3  (CRD-C  27  )• 

Results  of  these  tests  are  presented  in  Table  4.  The  average  tensile 
strength  of  the  fibrous  concrete  in  item  5  was  788  psi,  with  a  standard 
deviation  of  112  psi.  For  the  overlay  of  item  3,  the  average  tensile 
strength  was  795  psi,  with  a  standard  deviation  of  l6l  psi. 


*  Soil  classifications  given  in  parentheses  are  according  to  the  Unified 
Soil  Classification  System  (USCS)25  and  the  FAA  soil  classification 
system,2®  respectively. 
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V. 


Table  1 


Results  of  CBR,  Water  Content.  Density,  and.  Plate  Bearing 
Tests  for  Items  3  and  5  of  the  Keyed 
Longitudinal  Joint  Test  Section 


Modulus  of 

Water 

Dry 

Soil  Re¬ 

Item 

Content 

Density 

action 

No. 

Material 

percent 

pcf 

CBR 

pci 

As 

Constructed 

3 

Sand  filter  (SP,  E-2) 

—mm 

Subgrade  (CH,  E-ll) 

33.4 

84.0 

3.2 

89 

5 

Sand  filter  (SP,  E-2) 

mm+m 

«... 

Subgrade  (CH,  E-ll) 

3  6.6 

80.7 

2.1 

50 

After  Traffic 

3 

Sand  filter  (SP,  E-2) 

__ 

_  _ 

104 

Subgrade  (CH,  E-ll) 

32.1 

85.4 

— 

— 

5 

Sand  filter  (SP,  E-2) 

— 

92 

Subgrade  (CH,  E-ll) 

— 

— 

— 

— 

TRAFFIC 

Test  traffic  was  applied  with  the  12-wheel  and  twin-tandem 
assemblies  shown  in  Figures  31  and  32,  respectively,  both  of  which  were 
equipped  with  49x17  tires  with  a  ply  rating  of  2 6.  The  tire  pressure 
was  checked  and  adjusted,  as  needed,  each  morning  prior  to  testing. 

The  12-wheel  assembly  and  test  wheel  configuration  represented 
one  main  gear  of  the  C-5A  aircraft.  The  12-wheel  assembly  consisted  of 
two  load  boxes,  each  carried  by  six  load  wheels  which  resulted  in  the 
wheel  arrangement  shown  in  Figure  33a.  The  boxes  were  loaded  to  produce 
a  net  weight  of  360  kips  distributed  equally  over  the  12  wheels.  Each 
tire  was  inflated  to  100  psi,  which  resulted  in  a  tire  contact  area  of 
285  sq  in.  per  tire  and  a  contact  pressure  of  about  106  psi. 

The  twin-tandem  assembly  and  wheel  spacing  shown  in  Figure  33b 
represented  one  twin-tandem  component  of  the  Boeing  747  assembly.  The 
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aptQlam 

■p. 


Oa^rascl** 
Stnncth* 
_ fill _ 


FltXUTftl 

Strength** 


Tmllt 

strengtht 


lUjtlclt/  la 
Pltwrett 
1  ffi _ . 


Initiation  of  Traffic 


Modulus  of  u 

EUatlcityt  Blimp**  Oootontj 

iS  p*1  _}& _  BU£S!L 


73 

9870 

3 

3.3 

73 

9760 

3 

3.3 

73 

749 

3 

3.3 

73 

860 

5  .ft 

9-49 

9 

3.3 

73 

lotto 

3 

5.J 

73 

9990 

3-1/2 

3.8 

73 

3-1/2 

5.8 

73 

770 

3-1/2 

3.8 

73 

1120 

9.68 

3.16 

3-1/2 

5.8 

73 

730 

3-1/2 

5-8 

73 

6170 

3 

73 

6310 

3 

73 

9to 

9.«9 

3.39 

3 

40 

7190 

3-1/4 

5.8 

40 

7240 

3-V4 

5.8 

4o 

1090 

9.66 

3.33 

3-1/4 

3.8 

40 

7200 

3-1/4 

6.5 

40 

6790 

3-1/4 

6.5 

40 

930 

3-1/4 

6.5 

40 

1180 

9.38 

9.76 

3-1/4 

6.5 

40 

1199 

3-lA 

6.5 

40 

6770 

3 

9.9 

40 

70l|0 

3 

3-9 

40 

1130 

6.17 

3.69 

3 

3.9 

40 

6720 

3-1/2 

9.7 

40 

7070 

3-1/2 

9.7 

40 

too 

3-1/2 

5-7 

4o 

1099 

6.23 

3.13 

3-1/2 

3.7 

40 

1119 

3-1/2 

5.7 

4o 

6840 

3-1/4 

5.6 

40 

6770 

3-1A 

5.6 

40 

1160 

6.87 

3.96 

3-1/4 

5.6 

•  mud  according  to  A31*  C  39-71,'  (CRD-C  lit"). 

•*  Ttatad  according  to  AB5*  C  78-6 4"  ( CRD-C  l6z0). 

t  Ttatad  according  to  ACT*  C  196-71 10  (CRD-C  77™). 
♦t  Ttatod  according  to  CRO-C  21™.  „ 

*  Tooted  according  to  AST*  C  219-6011  (CP1>-C  IB?8). 

•  I  Toatod  according  to  AST*  C  U3-7132  (CRD-C  9™). 

<  Toatod  according  to  ASM  r  211-72x33  (CRD-C  4l28 ). 


Table  3 

Summary  of  Material  Properties  of  Fibrous  Concrete  Used  In 
Items  3  and  5  of  the  Keyed  Longitudinal  Joint  Test  Section 


Property 

Average 

Standard 

Deviation 

Coefficient  of 
Variation 

Flexural  strength,  psi 

40  days  (item  3  overlay) 

1138 

38 

0.03 

73  days  (item  5) 

890 

164 

0.18 

137  days  (item  3  overlay) 

1260 

75 

0.06 

255  days  (item  5) 

943 

133 

0.14 

Compressive  strength,  psi 

40  days  (item  3  overlay) 

6963 

195 

0.03 

73  days  (item  5) 

5540 

698 

0.13 

137  days  (item  3  overlay) 

8261 

135 

0.02 

255  days  (item  5) 

6683 

791 

0.12 

Modulus  of  elasticity,*  10^  psi 

40  days  (item  3  overlay) 

5.80 

0.47 

0.08 

73  days  (item  5) 

5.12 

0.72 

0.14 

137  days  (item  3  overlay) 

5.88 

0.35 

0.05 

255  days  (item  5) 

5.40 

0.50 

0.09 

Slump,  in. 

Item  3  overlay 

3-1/4 

-- 

— 

Item  5 

5-1/8 

— 

— 

Air  content,  percent 

Item  3  overlay 

5.9 

— 

— 

Item  5 

5.5 

Note:  Test  methods  used  are  presented  in  Table  2. 

*  Represents  results  from  flexural  and  compression  tests  combined. 


Table  4 

Results  of  Strength  Tests  on  Cores  and  Beams  from  Items  3 
and  5  of  the  Keyed  Longitudinal  Joint  ‘i'c  Jt  Section 


Specimen 
Ttype  and 
No. 

Core 

Length 

in. 

Beam  Width 
and  Depth 
in. 

Tensile 

Strength* 

psi 

Flexural 

Strength** 

psi 

Core  1 

6.0 

720 

970t 

Core  2 

6.0 

725 

975t 

Core  3 

6.0 

710 

96ot 

Core  4 

6.0 

685 

935t 

Core  5 

6.6 

975 

1225t 

Core  6 

6.6 

910 

n6ot 

Beam  1 

6.1 

1175 

Beam  2tt 

6.0 

760 

Core  7 

4.5 

, 

720 

Core  8 

4.7 

530 

970t 

Core  9 

4.4 

1065 

78ot 

Core  10 

4.3 

805 

1055t 

Core  11 

4.25 

875 

1125t 

Core  12 

4.45 

775 

1025t 

Beam  3 

4.4 

985 

Beam  4 

4.4 

1010 

*  Tested  according  to  ASTM  C  496-71  (CRD-C  77). 

**  Tested  according  to.  ASTM  C  78-64  (CRD-C  16). 

t  Computed  from  correlation  between  tensile  and  flexural  strength, 
ft  Fracture  observed  in  specimen  prior  to  test. 
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twin-tandem  assembly  was  loaded  to  a  net  weight  of  166  kips  : 4l . ?  kips 
per  wheel)  and  was  equipped  with  four  tires  which  were  inflated  to  a 
tire  pressure  of  200  psi  and  a  contact  area  of  about  207  sq  in. 

The  layout  shown  in  Figure  19  indicates  the  location,  width,  and 
length  of  the  traffic  lanes.  Traffic  was  applied  over  selected  portions 
of  the  pavement.  Traffic  lane  1  was  200  in.  wide  and  was  subjected  to 
the  12-wheel  assembly  traffic.  The  south  edge  of  the  traffic  lane  was 
located  132  in.  north  of  the  south  edge  of  the  test  section,  and  the 
north  edge  of  the  200-in. -wide  traffic  lane  was  positioned  32  in.  north 
of  the  longitudinal  construction  Joints  in  items  1-4  (center  line  of  the 
test  section). 

The  traffic  lane  for  the  twin-tandem  assembly  traffic  (lane  2) 
was  120  in.  wide  and  was  located  in  the  middle  of  the  north  paving  lane 
(Figure  19)  to  minimize  the  effects  that  the  12-wheel  assembly  traffic 
might  have  had  on  the  structural  condition  of  the  pavement.  The  north 
edge  of  this  lane  was  located  90  in.  south  of  the  north  edge  of  the  test 
section,  and  the  south  edge  was  located  90  in.  north  of  the  longitudinal 
construction  Joints  in  items  1-5  (center  line  of  the  test  section). 

The  traffic  patterns  (the  distribution  of  traffic  applied  over 
the  width  of  the  traffic  lanes)  are  shown  in  Figure  34.  The  coverage 
levels*  referred  to  in  this  report  are  the  total  number  of  coverages 
applied  in  the  central,  portion  of  the  traffic  pattern. 

Traffic  was  applied  in  the  12-wheel  assembly  traffic  lane  (lane  l) 
by  repetitions  of  the  traffic  pattern  shown  in  Figure  34a.  The  traffic 
pattern  consisted  of  22  passes  of  the  load  cart  distributed  over  the 
traffic  lane  by  following  five  guidelines  painted  on  the  pavement  sur¬ 
face  on  l6-in.  centers  (approximately  one  tire  print  width).  The 

*  For  rigid  pavements,  coverages  are  a  measure  of  the  number  of  maximum 
stress  repetitions  that  occur  in  the  pavement  due  to  the  applied  traf¬ 
fic.  One  coverage  occurs  when  each  point  of  the  pavement  within  the 
traffic  lane  has  been  subjected  to  a  maximum  stress,  assuming  that  the 
stress  is  equal  under  the  full  tire  print  width.  For  the  12-wheel 
assembly,  separate  and  distinct  maximum  stresses  occur  under  the  front 
and  rear  6-wheel  arrays.  For  the  twin-tandem  assembly,  the  front  and 
rear  twin  wheels  are  close  enough  together  so  that  only  one  maximum 
stress  repetition  occurs  for  each  pass  of  the  assembly. 
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22  passes  resulted  in  l6  coverages  in  the  center  60  in.  of  the  traffic 
lane  and  a  lesser  number  along  the  edges  of  the  traffic  lane.  The  dis¬ 
tribution  of  passes  and  coverages  in  lane  1  is  also  shown  in  Figure  3^a. 
To  apply  the  traffic  shown,  the  load  cart  traveled  for  the  full  length 
of  the  traffic  lane  along  guideline  1  (south  edge  of  the  traffic  lane) 
and  back  along  the  same  line;  then  the  cart  was  shifted  laterally  to 
guidelines  2,  3,  U,  and  5  in  succession  for  one  pass  in  each  direction 
on  each  guideline.  After  tracking  guideline  5  (north  edge  of  the  traf¬ 
fic  lane),  the  guidelines  were  run  in  reverse  order  commencing  with 
guideline  5.  One  pass  in  each  direction  was  made  on  each  of  the  five 
guidelines  except  for  guideline  3,  along  which  two  passes  were  made  in 
each  direction  to  produce  a  uniform  traffic  pattern  in  the  center  of  the 
traffic  lane. 

Traffic  with  the  twin-tandem  assembly  load  cart  was  applied  to 
lane  2  in  the  pattern  shown  in  Figure  3Ub  using  five  guidelines,  each 
15  in.  apart.  The  load  cart  was  operated  forward  and  backward  along 
guideline  1  and  then  was  shifted  laterally  to  guidelines  2,  3,  U,  and  5 
in  succession  for  one  pass  in  each  direction  on  each  guideline.  The 
load  cart  then  made  one  pass  in  each  direction  along  guidelines  U,  3,  2, 
3,  U,  3,  2,  and  3,  in  that  order,  to  produce  the  pattern  shown  in 
Figure  3*»b.  This  traffic  pattern  required  30  passes  and  resulted  in 
10  coverages  in  the  central  portion  of  the  traffic  lane. 

All  traffic  patterns  were  started  from  the  east  maneuver  area, 
and  the  forward  direction  of  traffic  was  with  the  load  cart  moving  from 
east  to  west. 

TAMPA  0VERIAYS 

During  February  1972,  two  fibrous  concrete  overlay  test  pavements 
were  constructed  at  Tampa  International  Airport,  Florida.  The  construc¬ 
tion  of  these  pavements  and  the  early  performance  are  reported  by 
Parker11  and  are  summarized  below. 

The  pavements  were  constructed  on  a  taxiway  parallel  to  one  of  the 
primary  runways .  The  layout  for  the  pavements  is  shown  in  Figure  35. 

Item  1,  a  U-in.  overlay  of  an  existing  PCC  pavement,  was  situated  in  the 
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center  of  the  taxiway.  The  section  was  formed  by  construction  of  two 
25-ft-vide  paving  lanes.  The  paving  lanes  were  constructed  so  that  the 
center  of  the  paving  lanes  coincided  with  the  longitudinal  construction 
Joints  in  the  base  pavement.  The  longitudinal  construction  joint  was  a 
butt-type  Joint  without  load-transfer  capabilities.  No  transverse 
joints  were  formed  in  the  overlay.  The  ends  of  the  section  coincided 
with  transverse  contraction  Joints  so  that  one  transverse  contraction 
Joint  and  one  longitudinal  construction  Joint  in  the  base  pavement  were 
spanned  by  each  lane  of  the  overlay.  Bituminous  transition  overlays 
were  constructed  around  the  overlay. 

Item  2,  a  6-in.  overlay  of  an  existing  PCC  pavement,  spanned  the 
entire  width  of  the  taxiway.  The  section  was  formed  by  constructing 
three  25-ft-wide  paving  lanes.  The  longitudinal  construction  Joints  in 
the  overlay  matched  the  longitudinal  construction  joints  in  the  base 
pavement.  Vertical  fanes  were  formed  along  the  edges  of  the  paving 
lanes  with  no  provisions  for  load  transfer.  No  transverse  Joints  were 
formed  in  the  overlay;  therefore,  all  transverse  contraction  Joints  in 
the  base  pavement  were  spanned  by  the  overlay.  One  expansion  joint  in 
the  base  pavement  located  75  ft  from  the  south  end  of  the  section  was 
spanned  by  the  overlay.  The  ends  of  the  overlay  coincided  with  trans¬ 
verse  contraction  Joints  in  the  base  pavement.  Bituminous  transition 
sections  were  constructed  on  each  end  of  the  overlay. 

CONSTRUCTION 

A  Rex  central-mix  plant  was  used  for  the  production  of  8-cu-yd 
batches  of  the  fibrous  concrete.  The  basic  components  of  the  plant  and 
batching  are  illustrated  in  Figure  36. 

Aggregate  was  fed  into  the  aggregate  charging  hopper  on  conveyor 
belts,  weighed  in  the  aggregate  weigh  hoppers,  and  discharged  onto  the 
charging  belt,  which  discharged  into  the  horizontal  mixing  drum.  For 
the  fibers,  a  conveyor  belt  was  located  so  that  fibers  could  be  dis¬ 
charged  directly  onto  the  charging  belt,  as  shown  in  Figure  36.  Forty- 
pound  boxes  of  fibers  were  emptied  by  hand  onto  the  conveyor  belt 
(Figure  37).  A  hopper  and  pipe  arrangement  (Figure  36)  was  used,  for 
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weighing  and  charging  the  fly  ash.  Compressed  air  was  used  to  move  the 
fly  ash  up  the  pipe  and  into  the  horizontal  drum.  Cement,  water,  and 
additives  were  measured  and  charged  directly  into  the  horizontal  drum 
where  the  ingredients  were  mixed  and  then  transferred  to  the  tilting 
drum  for  additional  mixing  and  discharge.  Very  few  fiber  balls  were 
observed  in  the  concrete. 

A  minimum  of  surface  preparation  was  performed,  arid  no  attempt 
was  made  either  to  bond  the  fibrous  concrete  to  the  base  pavement  or  to 
completely  eliminate  bond  between  the  overlay  and  the  base  pavement. 

The  surface  preparation  consisted  of  first  chipping  to  remove  all  loose 
material  from  the  cracks,  removing  all  Joint  sealer  that  protruded  above 
the  surface,  brooming  to  remove  all  loose  material,  and  wetting  the  sur¬ 
face  prior  to  placing  the  concrete. 

Concrete  was  hauled  to  the  paving  site  in  side-dump  trucks  and 
was  either  spread  with  a  spreader  for  the  slip-formed  lanes  or  dumped 
directly  onto  the  old  pavement  for  fill-in  lanes.  The  slip-form  paver 
shown  in  Figure  38  was  used  to  form  the  25-ft-wide  paving  lanes.  Sur¬ 
face  texture  was  applied  with  a  wire  comb  or  a  stiff  bristle  brush  mov¬ 
ing  transversly  across  the  paving  lanes.  After  texturing,  the  surface 
was  sprayed  with  a  membrane  curing  compound.  Longitudinal  construction 
Joints  were  sawed  and  sealed,  and  asphaltic  concrete  transition  sections 
were  constructed  at  the  ends  of  the  overlays. 

MATERIAL  PROPERTIES 

The  existing  taxiway  pavement  was  constructed  in  1965  and  was 
opened  to  traffic  in  January  1966.  The  pavement  system  was  composed  of 
12  in.  of  PCC  surfacing  and  3  in.  of  limerock  base  over  a  sand  subgrade 
(E-3)  with  a  minimum  thickness  of  28  in.  The  limerock  base  was  a  com¬ 
pacted  mixture  of  50  percent  crushed  limerock  and  50  percent  in-situ 
sand. 

Based  on  plate  bearing  tests  run  at  other  locations  at  the  air¬ 
port,  the  subgrade  modulus  k  at  the  time  of  construction  of  the  test 
section  was  between  150  and  200  pci.  A  k  value  of  l65  pci  had  been 
used  for  design  and  analysis  of  the  airport  pavements. 
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The  design  flexural  strengths  of  the  PCC  were  650  and  71f>  psi 
at  28  and  90  days,  respectively.  The  pavement  was  constructed  in  three 
25-ft-wide  paving  lanes.  The  longitudinal  construction  joints  between 
the  paving  lames  were  keyed  and  tied  with  30-in. -long  No.  5  deformed 
bars  placed  at  30-in.  centers.  Transverse  contraction  joints  were  spaced 
at  25-ft  intervals  and  were  dowelled  with  l-l/4-in.-diam,  20-in. -long 
smooth  bars  placed  at  15-in.  centers.  The  expansion  joints  contained 
l-l/4-in.-diam,  20-in. -long  dowels  that  were  placed  at  15-in.  centers 
and  were  equipped  with  expansion  caps.  The  expansion  joints  were  filled 
with  3 A  in.  of  nonextruding,  premolded  compressible  material  topped  with 
3 A  in.  of  hot-poured  seal. 

An  inspection  was  made  in  February  1972  prior  to  placement  of  the 
overlay  test  items,  and  the  crack  pattern  in  the  base  pavement  was  as 
shown  in  Figure  39 •  All  slabs  in  the  test  area  contained  either  longi¬ 
tudinal  or  transverse  cracks  or  both.  A  longitudinal  weakened-plane 
(contraction)  Joint  had  been  sawed  in  one  of  the  exterior  slabs  in  an 
attempt  to  control  the  longitudinal  cracking.  The  cracks  in  the  exterior 
slabs  were  similar  to  those  in  the  center  slabs  in  that  they  meandered 
within  a  band  approximately  2  to  k  ft  wide  on  either  side  of  the  longi¬ 
tudinal  center  line  of  the  slabs. 

Tests  for  slump  and  entrained  air  of  the  fibrous  concrete  were 
performed  at  the  batch  plant  and  at  the  paving  site.  An  attempt  was 
made  to  provide  concrete  at  the  paving  site  that  would  have  a  slump  rang¬ 
ing  from  1  to  2  in.  and  an  entrained  air  content  of  4  to  5  percent. 

One  set  of  six  6-  by  6-  by  36-in.  beams  and  two  6-  by  12-in. 
cylinders  were  made  from  a  batch  that  was  placed  in  each  of  the  five 
paving  lanes.  The  beams  were  tested  for  flexural  strength  at  5,  7,  28, 
and  90  days.  The  cylinders  were  tested  in  compression  for  compressive 
strength  and  modulus  of  elasticity.  The  results  of  these  tests  are 
presented  in  Table  5  and  summarized  in  Table  6. 

TRAFFIC 

Construction  of  the  overlays  was  completed  on  28  February  1972, 
and  the  taxiway  was  opened  to  traffic  on  6  March  1972.  Traffic  has 
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Material  Properties  of  Fibrous  Concrete  Used  in  the 
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Tested  after  4  days. 


Table  6 


SnmniRry  of  Material  Properties  of  Fibrous  Concrete  Used 
in  the  Tampa  International  Airport  Overlays 


Property 

Average 

Standard 

Deviation 

Coefficient 

of 

Variation 

Slump,  in. 

2.3 

— 

— 

Entrained  air  content,  percent 

4.3 

— 

— 

Flexural  strength,  psi 

5  days 

682 

— — 

— 

7  days 

765 

63 

0.08 

28  days 

827 

114 

o.i4 

90  days 

1007 

l4o 

o.ii* 

Compressive  strength,  psi 

28  days 

5282 

810 

0.15 

90  days 

6376 

1302 

0.20 

Modulus  of  elasticity,  10^  psi 

4.31 

“ 

— — 

consisted  of  taxiing  aircraft  landing  from  the  north  or  departing  to  the 
north  on  runway  18R-36L.  The  traffic  is  composed  primarily  of  DC-9  and 
Boeing  727  aircraft,  with  a  few  wide-bodied  Jet  (Boeing  747  and  DC-10-10 ) 
operations. 

STRUCTURAL  LAYERS  TEST  SECTION 

Two  fibrous  concrete  test  items  were  constructed  and  tested  as  a 
part  of  full-scale  pavement  tests  designed  to  study  the  effects  of  chem¬ 
ical  stabilization,  insulating  materials,  and  fibrous  concrete  on  pave¬ 
ment  performance.  The  test  sections  were  constructed  and  tested  at  WES 
during  the  period  March  1972-May  1973.  The  design,  construction,  and 

behavior  under  traffic  of  the  pavements  in  two  test  sections,  one  rigid 
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and  one  flexible,  are  reported  by  Burns  et  al.  The  construction, 
material  properties,  and  traffic  applied  to  the  two  fibrous  concrete  test 
items,  which  were  part  of  the  rigid  test  section,  are  described  below. 

A  layout  of  the  rigid  pavement  test  section  is  shown  in  Figure  1*0. 
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Item  1  consisted  of  7  in.  of  fibrous  concrete  on  a  20-in.  layer  of  lean 
clay  encased  in  a  waterproof  membrane  over  a  heavy  clay  subgrade.  Item  2 
consisted  of  4  in.  of  fibrous  concrete  on  a  17-in.  layer  of  clay  gravel 
stabilized  with  6  percent  portland  cement  over  a  heavy  clay  subgrade. 

Each  item  was  composed  of  two  25-  by  50-ft  slabs  divided  by  a  construc¬ 
tion  Joint.  Details  of  the  longitudinal  construction  Joints  are  shown 
in  Figure  4l. 

CONSTRUCTION 

The  heavy  clay  subgrade  on  which  the  structural  layers  test  sec¬ 
tion  was  constructed  had  been  used  previously  for  the  MWHGL  test  section 
and  more  recently  for  the  keyed  longitudinal  Joint  test  section.  The 
old  pavement  was  broken  up  and  removed  to  expose  the  subgrade.  The  top 
6  to  12  in.  of  the  subgrade  was  reprocessed  and  then  compacted  and 
graded,  as  necessary,  to  achieve  a  subgrade  with  a  CBR  of  about  4  and 
the  proper  elevation.  A  view  of  the  finished  subgrade  in  item  1  is 
shown  in  Figure  42. 

A  20-in. -thick  membrane  encapsulated  soil  layer  (MESL)  was  placed 
over  the  subgrade  for  item  1.  Figures  43-45  illustrate  the  construction 
procedures.  The  lean  clay  was  placed  and  compacted  in  one  8-in.  and  two 
6- in.  lifts  after  the  bottom  membrane  was  in  place.  The  surface  was 
then  fine-graded  to  the  desired  elevation,  and  the  top  membrane  was 
constructed. 

A  17-in. -thick  cement-stabilized  base  was  placed  over  the  sub¬ 
grade  for  item  2.  Figures  46  and  47  illustrate  the  construction.  The 
cement-treated  gravel  was  placed  in  three  lifts  of  approximately  the 
same  thickness.  The  cement  for  each  lift  was  spread  by  hand  and  mixed 
with  a  pulvimixer,  and  then  the  lift  was  compacted. 

Concrete  for  both  items  was  batched  at  a  ready-mix  facility, 
mixed  and  hauled  in  transit-mix  trucks,  and  placed  and  cured  using  the 
same  procedures  and  techniques  as  were  used  for  the  keyed  longitudinal 
Joint  test  items.  The  three  types  of  fibers  shown  in  Figure  48  were  used 
for  the  two  test  items.  Round  fibers,  0.016  in.  in  diameter  and  1  in. 
long,  were  used  in  item  1.  The  3/4-in. -long  deformed  fibers  formed  from 


0.0l6-in.-diam  wire  were  used  for  the  north  slab  of  item  2.  The  flat 
fibers,  which  were  3/4  in.  long  and  0.010  by  0.014  in.  in  cross  section, 
were  used  for  the  south  slab.  Some  balling  of  the  fibers  was  noted, 
especially  with  the  1-in. -long  fibers.  The  larger  balls  usually  con¬ 
sisted  of  only  fibers,  whereas  some  of  the  smellier  balls  were  composed 
of  both  fibers  and  morteir  (Figure  49). 

MATERIAL  PROPERTIES 

The  subgrade  consisted  of  a  heavy  clay  (CH,  E-ll)  that  had  an  LL 
of  73,  a  PL  of  25,  and  a  PI  of  48.  The  MESL  in  item  1  consisted  of  a 
lean  clay  (CL,  E-7)  that  had  an  LL  of  1*3,  a  PL  of  22,  and  a  PI  of  21. 

The  cement -treated  base  in  item  2  consisted  of  a  clay  gravel  (SP-SC, 

E-5)  stabilized  with  6  percent  Portland  cement  by  weig.it.  Classifica¬ 
tion  data  for  each  soil  are  shown  in  Figure  50.  Results  of  CBR,  water 
content,  density,  and  plate  bearing  tests  conducted  on  the  subgrade, 
MESL,  and  cement-treated  base  after  construction  and  after  traffic  are 
presented  in  Table  7* 

Six-  by  6-  by  36-in.  beams  and  6-  by  12- in.  cylinders  were 
cast  during  placement  of  the  fibrous  concrete  according  to  ASTM  C  192-69 
(CRD-C  10).  These  beams  and  cylinders  were  tested  for  strength  and 
modulus  of  elasticity  at  28  days,  at  the  initiation  of  traffic,  and  at 
the  completion  of  traffic.  The  results  of  these  tests  are  presented  in 
Table  8  and  summarized  in  Table  9-  Cores  and  beams  were  removed  from 
the  slabs  after  completion  of  traffic  and  tested  for  strength  and  mod¬ 
ulus  of  elasticity  according  to  ASTM  C  42-68  (CRD-C  27).  Results  of 
these  tests  are  presented  in  Table  10  and  are  summarized  in  Table  11. 

TRAFFIC 

Test  traffic  was  applied  with  a  twin-tandem  assembly  equipped 
with  49x17  tires  with  a  ply  rating  of  26.  The  tire  pressure  was  checked 
and  adjusted,  as  needed,  each  morning  prior  to  testing. 

The  load  cart  used  is  shown  in  Figure  32.  The  wheel  arrangement 
and  spacing  used  are  shown  in  Figure  33b.  This  arrangement  represented 
one  twin-tandem  component  of  a  Boeing  747  assembly.  The  load  cart  was 
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Table  7 


4 


Table  8 


Material  Properties  of  Fibrous  Concrete  Used  In  Items  1  and  2 
of  the  Structural  Lavers  Teat  Section 


Modulus  of 

Modulus  of 

Item 

Specimen 

Age  at 

Testing 

Compressive 

Strength* 

Flexural 

Strength** 

Elasticity  In 
Compression* 

106  psi 

Elasticity 

In  Flexure+t 

Slump* 

Hp, 

Slab  Ho. 

days 

_ EL1- _ 

_ E£i _ 

10°  psl 

in. 

28-Pay  Testa 


i 

H 

>*7-C 

28 

5860 

6 

N 

l»9-B 

28 

805 

6 

S 

51-C 

28 

b790 

5 

S 

53-C 

28 

b290 

6 

S 

55-B 

28 

765 

5 

s 

58-B 

28 

700 

6 

2 

N 

l*3-c 

28 

6080 

b 

H 

b6-c 

28 

6120 

b 

N 

1*3-B 

28 

770 

b 

H 

b6-B 

28 

850 

b 

S 

l»9-C 

28 

b660 

5 

s 

52-B 

28 

695 

5 

Initiation  of  Traffic 

1 

H 

bft-C 

150 

6770 

6 

N 

50-B 

150 

Ub5 

6.93 

6 

S 

52-C 

150 

6150 

5 

S 

5b-C 

150 

6l6o 

6 

s 

56-B 

150 

965 

5-1*3 

5 

s 

59-B 

150 

900 

5.13 

6 

2 

H 

bb-C 

150 

80b0 

b.37 

b 

H 

b6-C 

150 

8210 

b.37 

b 

H. 

bb-B 

150 

875 

6.2b 

b 

H 

b7-B 

150 

790 

6.91 

b 

S 

50-C 

150 

6lbo 

5 

s 

53-B 

150 

900 

6.3b 

5 

Completion  of  Traffic 

1 

H 

51-B 

330 

1390 

6.33 

6 

S 

57-B 

330 

1090 

6.98 

5 

S 

60-B 

330 

1225 

6.98 

6 

2 

H 

b5-B 

330 

815 

6.38 

b 

H 

b8-B 

330 

1070 

6.38 

b 

S 

5b-B 

330 

1115 

6.31 

5 

*  Tested  according  to  AS1M  C  39-71  (CRD-C  lb). 

•*  Tested  according  to  ASW  C  78-6b  (CRD-C  16) . 

t  Tested  according  to  A SO*  C  1*69-65^°  (CRD-C  19). 
ft  Tested  according  to  CRD-C  21. 

#  Tested  according  to  ASTM  C  3 U3-T1  (CRD-C  5). 
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Table  9 

Summary  of  Material  Properties  of  Fibrous  Concrete  Used  in 
Items  1  and  2  of  the  Structural  Layers  Test  Section 


Age 

Average 

Flexural  Strength 
psi 

Average  Compres¬ 
sive  Strength 
psi 

Modulus  of 
Elasticity* 

10^  psi 

days 

Item  1 

Item  2 

Item  1 

Item  2 

Item  1  Item  2 

28 

757 

772 

4980 

5620 

— 

150 

1003 

855 

6360 

7463 

5.83  5.65 

330 

1235 

1000 

— 

— 

6.76  6.36 

4 

i 

\ 


V, 


Note:  Test  methods  ured  are  presented  in  Table  8.  Average  slump  for 
item  1  =  5.7  in.;  average  slump  for  item  2  =  4.3  in. 

*  Represents  results  from  flexural  and  compression  tests  combined. 


Results  of  Strength  and  Modulus  of  Elasticity  Tests  on  Beams  and  Cores  from. Items  1  and  2 


that  for  tensile  strength  (ASTM  C  1*96-71,  CRD-C  77),  are  presented  in  Table 


Table  11 


Summary  of  Results  of  Strength  and  Modulus  of  Elasticity  Tests 
on  Beams  and  Cores  from  Items  1  and  2  of  the 
Structural  Layers  Test  Section 


Standard  Coefficient 

Property _ Average  Deviation  of  Variation 


Item  1  compressive  strength,  psi  67U5 

Item  2  tensile  strength,  psi  869 

Flexural  strength,  psi 

Item  1  lOkk  16U  0.15 

Item  2  11U8  120  0.10 

Modulus  of  elasticity,  10^  psi 

Item  1*  h.9h  0.52  0.10 

Item  2  5.51  1.09  0.20 


*  Represents  results  from  flexural  and  compression  tests  combined. 


loaded  to  a  net  weight  of  200  k-'.ps  for  trafficking  lane  1  and  to  240  kips 
for  trafficking  lane  2.  For  both  loadings,  the  tire  contact  area  was 
maintained  at  26j  sq  in.  by  using  inflation  pressures  of  190  and  250  psi 
for  the  200-  and  the  240-kip  loads,  respectively. 

The  layout  shown  in  Figure  40  indicates  the  locations  of  the 
traffic  lanes.  Both  lanes  were  10  ft  wide.  Lane  1  was  laid  out  so  that 
the  longitudinal  construction  joint  coincided  with  the  edge  of  the  area 
that  received  100  percent  of  the  traffic.  Lane  2  was  laid  out  approxi¬ 
mately  at  the  center  of  the  north  slabs. 

Traffic  was  applied  in  the  same  manner  as  that  used  during  the 
twin-tandem  assembly  traffic  for  the  keyed  longitudinal  joint  test 
section  described  earlier.  The  distribution  of  traffic  applied  over  the 
widths  of  the  traffic  lanes  was  the  same  as  that  shown  in  Figure  34b, 
although  the  loading  intensity  was  different. 

WES  ROADWAY 

On  19  July  1973,  a  fibrous  concrete  roadway  was  constructed  on  a 
street  at  WES.  The  pavement  was  1000  ft  long,  24  ft  wide,  and  4  in. 
thick.  The  layout  for  the  pavement  is  shown  in  Figure  51.  The  pavement 
was  formed  by  constructing  a  24-ft-wide  lane  without  any  joints.  The 
pavement  was  permitted  to  crack  where  necessary  to  reduce  tensile 
stresses  induced  during  curing.  The  ends  of  the  slab  adjacent  to  an 
existing  5-in.  fibrous  concrete  slab  and  a  new  6-in.  plain  PCC  pavement 
were  thickened  to  6  in.  A  1-in.  expansion  joint  was  provided  at  both 
ends  of  the  pavement. 

CONSTRUCTION 

The  site  where  the  pavement  was  constructed  had  previously  been 
graded  and  used  for  some  time  as  an  unsurfaced  roadway  during  construc¬ 
tion  of  WES  Building  6006  (Figure  51).  Before  the  fibrous  concrete  was 
placed,  the  site  was  regraded  and  a  6- in.  clay  gravel  (SP-SC,  E-5) 
subbase  was  constructed  to  the  required  cross  section  and  elevation  as 
shown  in  Figure  51. 

Fibrous  concrete  for  the  roadway  was  batched  at  a  ready-mix 
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facility.  Fibers  were  fed  onto  a  belt  which  transported  the  aggregate 
from  the  weigh  hoppers  to  the  transit-mix  trucks.  Figure  52a  shows  the 
arrangement  at  the  ready-mix  facility,  and  Figure  52b  shows  the  fibers 
being  hand-dumped  from  40-lb  boxes  onto  the  aggregate  charging  belt. 
After  the  aggregate  and  fibers  (5-cu-yd  batches)  had  been  fed  into  the 
truck,  water,  cement,  and  an  air-entraining  additive  were  added  and  the 
ingredients  were  mixed  in  transit-mix  trucks  (7-cu-yd  capacity).  Very 
few  fiber  balls  were  observed  in  the  mix,  and  the  few  that  were  observed 
were  small  and  created  no  problems  in  placing. 

The  concrete  was  spread  directly  in  front  of  the  paver  (Fig¬ 
ure  53).  The  subbase  was  moistened  prior  to  placing  the  concrete.  The 
concrete  was  consolidated  and  formed  to  the  desired  cross  section  with  a 
slip-form  paver  (Figure  54).  No  difficulties  were  experienced  in  form¬ 
ing  the  cross  section.  The  surface  and  edges  finished  with  no  under¬ 
tearing  or  sagging.  However,  some  problems  were  experienced  in  the  area 
where  the  grade  was  steepest  (approximately  12  percent).  In  this  area, 
the  paver  was  moving  downhill  and  upon  vibration  some  of  the  mortar 
tended  to  move  down  the  hill.  This  problem  was  accentuated  by  the  fact 
that  the  concrete  had  a  higher  slump  than  is  desirable  for  slip-form 
operations.  A  relatively  high  slump  was  required  in  order  to  discharge 
the  concrete  from  the  transit-mix  trucks. 

Very  little  hand-finishing  was  required.  A  garden  hose  attached 
to  the  paver  as  shown  in  Figure  54b  provided  adequate  finishing.  The 
surface  of  the  pavement  was  sprayed  with  a  membrane  curing  compound. 

Some  problems  were  experienced  in  applying  the  curing  compound.  The 
curing  compound  was  applied  by  hand  and  initially  not  enough  sprayers 
were  provided  to  keep  up  with  the  paver.  Some  shrinkage  cracking  or 
crazing  was  observed  and  additional  sprayers  were  added.  The  problem 
wa3  accentuated  by  the  high  temperature  (approximately  95°F),  the  high 
cement  content  (9  bags  per  cubic  yard),  the  use  of  the  garden  hose 
behind  the  paver,  which  removed  the  free  moisture  from  the  surface,  and 
by  the  fact  that  the  paver  was  moving  downhill. 
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MATERIAL  PROPERTIES 


No  tests  were  conducted  on  the  loess  subgrade  or  the  clay  gravel 
subbase.  Testing  and  precise  control  of  the  subbase  construction  were 
not  necessary  since  such  construction  with  a  thin  bituminous  surfacing 
has  been  used  extensively  for  streets  at  WES  and  has  proven  adequate  for 
the  light  traffic.  It  should  also  be  noted  that  the  primary  purpose  of 
this  construction  was  not  to  evaluate  the  pavement  for  structural  ade¬ 
quacy  but  rather  to  study  the  cracking  pattern  which  would  develop  and 
the  behavior  of  the  cracks. 

One  set  of  six  6-  by  6-  by  36-in.  beams  and  seven  6-  by  12-in. 
cylinders  were  cast,  according  to  ASTM  C  31-69  (CRD-C  11),  from  a 
batch  of  concrete  placed  near  each  end  of  the  roadway  and  from  a  batch 
placed  near  the  center  of  the  roadway.  Beams  were  sprayed  with  curing 
compound  and  stored  at  the  paving  site  for  curing.  Beams  were  tested  in 
flexure  for  strength  and  modulus  of  elasticity  and  cylinders  were  tested 
for  splitting  tensile  strength  at  ages  of  1,  2,  7,  and  28  days  in  order 
to  assess  the  early  strength.  The  early  strength  data  were  used  for 
analyzing  the  cracking  which  occurred.  The  results  of  the  tests  are 
shown  in  Table  12  and  summarized  in  Table  13. 

TRAFFIC 

Traffic  on  this  pavement  has  been  light.  The  pavement  should  be 
adequate  to  withstand  the  applied  traffic  indefinitely,  and  no  attempt 
will  be  made  to  assess  the  structural  performance  of  the  pavement. 

Primary  emphasis  will  be  placed  on  evaluating  the  cracking,  the  behavior 
of  the  cracks,  and  qualitatively  the  susceptibility  of  the  fibers  to 
corrosion. 

TESTS  CONDUCTED  BY  OTHER  AGENCIES 

Fibrous  concrete  has  been  used  for  overlays  on  bridge  decks, 
floor  slabs  in  industrial  buildings,  such  as  warehouses,  foundries,  and 
parking  garages  which  cure  subjected  to  large  static  as  well  as  impact 
loads  and  extreme  temperatures,  large  dolos  for  erosion  control,  hy¬ 
draulic  structures  where  cavitation  occurs,  burial  vaults,  and  pavements. 
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Table  12 

Material  Properties  of  Fibrous  Concrete  Used  la  the  WE  Roadvar 


Specimen  Type 
and  Ho. 

Age 

lays 

Flexural 

Strength* 

pel 

Tensile 

Strength** 

pal 

Ccnpreeelve 

Stresgtht 

pal 

Modulus  of 
Blsstielty 
in  Flexurett 

106  pel 

SlUBp* 

in. 

Air 

Content** 

percent 

Beam  1 

1 

565 

4.44 

4-3/4 

4.2 

Bean  2 

1 

430 

3.44 

4-3/4 

4.2 

Bean  7 

1 

555 

4.02 

4 

3.6 

Bean  8 

1 

770 

5.05 

4 

3.6 

Bean  13 

1 

510 

3.62 

3-3/4 

3.8 

Bean  l4 

1 

445 

3.42 

3-3/4 

3.8 

Cylinder  core  1 

1 

305 

4-3/4 

4.2 

Cylinder  core  2 

1 

315 

4-3/4 

4.2 

Cylinder  core  7 

1 

315 

4 

3.6 

Cylinder  core  6 

1 

330 

4 

3.6 

Cylinder  core  13 

1 

310 

3-3/4 

3.8 

Cylinder  core  14 

1 

275 

3-3/4 

3.8 

Bean  3 

2 

655 

4.23 

4-3/4 

4.2 

Bean  4 

2 

685 

4.32 

4-3/4 

4.2 

Bean  9 

2 

580 

4.38 

4 

3.6 

Bean  10 

2 

585 

4.19 

4 

3.6 

Bean  IS 

2 

665 

4.75 

3-3/4 

3.8 

Bean  l6 

2 

640 

3.99 

3-3/4 

3.8 

Cylinder  core  3 

2 

455 

3-3/4 

4.2 

Cylinder  core  4 

2 

445 

4-3/4 

4.2 

Cylinder  core  9 

2 

505 

4 

3.6 

Cylinder  core  10 

2 

510 

4 

3.6 

Cylinder  core  IS 

2 

485 

3-3/4 

3.8 

Cylinder  core  16 

2 

400 

3-3/4 

3.8 

Bean  $ 

7 

670 

5.13 

4-3/4 

4.2 

Bean  11 

7 

765 

5.93 

4 

3.6 

Bean  17 

7 

770 

5.52 

3-3/4 

3.8 

Cylinder  core  5 

7 

590 

4-3/4 

4.2 

Cylinder  core  11 

7 

655 

4 

3.6 

Cylinder  core  17 

7 

580 

3-3/9 

3.8 

Been  6 

28 

985 

4.63 

4-3/4 

4.2 

Bean  12 

28 

905 

5.51 

4 

3.6 

Bean  lB 

28 

910 

4.71 

3-3/4 

3.8 

Cylinder  core  6 

28 

650 

4-3/4 

4.2 

Cylinder  core  12 

28 

705 

4 

3.6 

Cylinder  core  18 

28 

620 

3-3/4 

3.8 

Cylinder  core  19 

28 

5640 

4-3/4 

4.2 

Cylinder  core  20 

28 

5640 

4 

3.6 

Cylinder  core  21 

28 

5980 

3-3/4 

3.8 

*  Teated  according  to  ASTM  C  76-64  (CRD-C  16). 

••  Teated  according  to  ASTM  C  496-71  (CRD-C  77). 
t  Teated  according  to  ASTM  C  39-71  (CRD-D  14). 
tt  Teated  according  to  CRD-C  21. 

4  Teated  according  to  ASTM  C  143-71  (CRD-C  3). 

♦♦  Teated  according  to  ASTM  C  231-72T  (CRD-C  41). 


47 


Table  13 

SiimwtR-rv  of  Material  Properties  of  Fibrous  Concrete 
Used  in  the  WES  Roadway 


Property 

Average 

Standard 

Deviation 

Coefficient 
of  Variation 

Flexural  strength,  psi 

1  day 

546 

112 

0.21 

2  days 

635 

39 

0.06 

7  days 

735 

— 

— 

28  days 

933 

— 

— 

Tensile  strength,  psi 

1  day 

308 

17 

0.05 

2  days 

1*67 

38 

0.08 

7  days 

608 

— 

— 

28  days 

658 

— 

— 

Modulus  of  elasticity,  10°  psi 

1  day 

4.00 

0.59 

0.15 

2  days 

1* .  31 

0.23 

0.05 

7  days 

5.53 

— 

— 

28  days 

4.95 

— 

— 

Slump,  in. 

4-1/8 

— 

— 

Air  content,  percent 

3.8 

— 

— 

Note:  Test  methods  used  are  presented  in  Table  12. 
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Appendix  A  contains  a  list  of  nine  additional  pavement  placements 
v'th  a  brief  summary  of  the  features  of  each.  These  placement  were,  in 
general,  small  and  were  placed  by  personnel  who  had  never  worked  with 
fibrous  concrete  and  with  limited  financial  resources  and  equipment.  A 
great  deal  has  been  learned  from  these  placements,  but  all  these  factors 
should  be  considered  by  the  reader  before  drawing  any  conclusions  re¬ 
garding  the  use  of  fibrous  concrete  as  a  paving  material.  Placement  9 
in  Green  County,  Iowa,  is  an  exception.  This  is  a  large  project,  and  a 
great  deal  of  planning  and  effort  went  into  its  construction.  The 
variables  incorporated  in  the  project  should  begin  to  answer  a  number  of 
questions  concerning  the  use  of  fibrous  concrete  as  a  paving  material. 
However,  the  project  was  only  completed  in  October  1973,  and  it  will  be 
several  years  before  any  reed  conclusions  ceui  be  drawn. 

Experience  gained  from  these  placements  has  been  mainly  qualita¬ 
tive  and  is  concerned  primarily  with  construction  practices  and  the 
response  of  fibrous  concrete  slabs  to  conditions  other  than  vehicular 
traffic.  Results  from  these  placements,  as  well  as  other  placements 
discussed  in  this  section,  will  be  summarized  in  the  following  section. 
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RESULTS  AND  ANALYSIS  OF  TESTS 


In  this  part  of  the  report,  the  results  of  the  various  fibrous 
concrete  pavement  tests  will  he  presented  and  analyzed.  The  analysis  of 
the  accelerated  traffic  tests  consists  basically  of  a  comparison  of  the 
structural  performance  of  the  fibrous  concrete  with  the  performance  of 
plain  concrete.  The  tests  of  the  structural  layers  test  section  provide 
some  information  on  joint  performance.  Results  from  the  field  tests  per¬ 
tain  primarily  to  construction,  joint  requirements,  and  general  behavior. 

RESULTS  FROM  CONTROLLED, 

ACCELERATED  TRAFFIC  TESTS 

The  conditions  of  the  fibrous  concrete  pavements  in  the  keyed  lon¬ 
gitudinal  joint  test  section  and  in  the  structural  layers  test  section 
as  traffic  was  applied  are  shown  in  Figures  55-76  and  77-95*  respec¬ 
tively.  The  coverage  levels  at  failure  for  each  pavement  with  each  type 
load  for  the  initial  crack,  shattered  slab,  and  complete  failure  condi¬ 
tions  are  presented  in  Table  14. 

ITEM  5,  KEYED  LONGITUDINAL 

JOINT  TEST  SECTION 

Figure  55  shows  the  pavement  prior  to  initiation  of  traffic  with 
the  360-kip,  12-wheel  simulated  C-5A  assembly.  Figures  56-63  illustrate 
the  progressive  deterioration  of  the  pavement  under  traffic.  Initial 
failure  was  assigned  at  350  coverages.  This  was  the  level  of  traffic  at 
which  the  transverse  crack  illustrated  in  Figure  57  first  appeared.  The 
condition  of  the  slab  at  this  time  was  between  the  conditions  illustrated 
in  Figures  56  and  57.  The  pavement  reached  the  shattered  slab  condition 
at  2400  coverages  (Figure  59)  and  complete  failure  at  6000  coverages 
(Figure  63).  The  arc-shaped  cracks  that  developed  at  the  edge  of  the 
slabs  were  attributed  to  high  deflections  at  the  pavement  edge  which 
produced  pumping  (Figure  59)  along  the  edge.  The  edges  of  the  slabs 
were  thickened  to  9  in.  >  which  resulted  in  an  increased  stiffness  par¬ 
allel  to  the  edge.  However,  at  some  distance  from  the  edge,  the  stiff¬ 
ness  perpendicular  to  the  edge  was  for  a  6-in.  slab.  The  thin  slab. 
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Table  14 

Coverages  at  Failure  for  Controlled,  Accelerated  Traffic  Tests 


# 


Keyed  Longitudinal  Joint  Test  Section 


Item  5 

Item  3 

Failure  Condition 

360-kip 

12-Wheel 

Assembly 

166-kip 

Dual- 

Tandem 

Assembly 

360-kip 

12-Wheel 

Assembly 

166-kip  240-kip 

Dual-  Dual- 

Tandem  Tandem 

Assembly  Assembly 

Initial  (2-3  pieces) 

350 

80 

2800 

950 

Shattered  slab 
(6  pieces) 

24  00 

150 

5000 

265 

Complete  (35  pieces) 

6000 

320 

Did  not 
fail 

415 

Structural 

Layers  Test 

Section 

Item  1 

Item  2 

200-kip 

Dual- 

Tandem 

Assembly 

240-kip 
•  Dual- 
Tandem 
Assembly 

200-kip  240-kip 

Dual-  Dual- 

Tandem  Tandem 

Assembly  Assembly 

Initial  (2-3  pieces) 

1000 

200 

500  150 

Shattered  slab 
(6  pieces) 

1800 

650 

1200  400 

Complete  (35  pieces) 

3000 

1010 

1770  740 
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weak  subgrade,  and  large  assembly  load  resulted  in  large  edge  deflec¬ 
tions,  high  vertical  pressures  on  the  soil,  and  large  tensile  stresses 
at  the  slab  surface.  The  effects  of  these  parameters  are  indicated  by 
the  transverse  cracking,  pumping  as  illustrated  in  Figure  59,  and  large 
permanent  deformations  as  illustrated  by  the  cross  sections  shown  in 
Figure  96. 

Figures  6H— 67  illustrate  the  progressive  deterioration  of  item  5 
as  traffic  with  the  166-kip,  dual-tandem  assembly  was  applied.  Initial 
failure  was  assigned  at  80  coverages.  This  was  the  level  of  traffic  at 
which  the  longitudinal  crack  shown  in  Figure  65  reached  the  transverse 
crack  shown  in  Figure  64.  The  pavement  was  considered  to  have  reached 
the  shattered  slab  condition  at  150  coverages  (prior  to  the  condition 
shown  in  Figure  66)  and  complete  failure  at  320  coverages.  Complete 
failure  was  assigned  before  the  pavement  reached  the  condition  shown  in 
Figure  67,  at  which  time  the  pavement  was  untraffickable.  Deterioration 
under  the  l66-kir.  dual-tandem  assembly  was  much  like  that  occurring 
under  the  360-kip,  12-wheel  assembly  in  that  it  was  characterized  by  arc¬ 
shaped  cracking  at  the  slab  edges,  pumping,  and  large  permanent  deforma¬ 
tions  (especially  along  the  slab  edges). 

The  lack  of  spalling  was  evident  for  traffic  with  both  the 
12-wheel  and  the  dual-tandem  assemblies.  Even  at  complete  failure.  Fig¬ 
ures  63  and  66  show  no  evidence  of  large  spalls. 

ITEM  3  OVERLAY,  KEYED  LONGITUDINAL 

JOINT  TEST  SECTION 

Fr.gure  68  shows  the  condition  of  the  pavement  prior  to  initiation 
of  traffic  with  the  360-kip,  12-wheel  simulated  C-5A  assembly.  Fig¬ 
ures  69-72  show  the  progressive  deterioration  of  the  pavement  as  traffic 
was  applied.  Initial  failure  was  assigned  at  2800  coverages.  This  was 
the  level  of  traffic  at  which  the  condition  of  the  slab  was  as  illus¬ 
trated  in  Figure  70.  Although  the  slab  had  not  been  completely  bisected 
by  a  crack,  it  was  felt  that  the  multiple  short  cracks  which  existed 
would  be  as  detrimental  to  performance  as  a  continuous  crack  in  the  slab. 
Evidence  of  edge  effects  are  illustrated  by  the  arc-shaped  cracks  at  both 
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ends  of  the  slab.  These  were  discounted  in  assigning  failure  since  it 
was  felt  that  they  were  caused  primarily  by  construction  procedures. 

The  pavement  was  considered  to  have  reached  the  shattered  slab  condition 
at  5000  coverages.  This  condition  is  illustrated  in  Figure  72. 

The  cracks  in  the  overlay  tended  to  match  the  cracks  in  the  old 
pavement.  The  overlay  was  partially  bonded  to  the  base  pavement,  but 
there  was  no  evidence  of  reflection  cracking  prior  to  traffic.  However, 
as  traffic  was  applied,  the  cracks  which  formed  were  directly  over  the 
cracks  in  the  base  pavement.  The  short  transverse  crack  in  the  fore¬ 
ground  in  Figure  69  was  directly  over  the  first  transverse  crack  from  the 
end  in  the  base  pavement  as  shown  in  Figure  28.  The  longitudinal  crack¬ 
ing  beginning  to  show  in  Figure  70  matched  the  longitudinal  joint  and 
two  fairly  distinct  longitudinal  cracks  in  the  base  pavement  shown  in 
Figure  28.  As  cracking  progressed,  the  pattern  of  matching  cracks  became 
more  apparent,  as  can  be  seen  by  comparing  Figure  28  with  Figures  71 
and  72. 

The  condition  of  lane  2  of  the  item  3  overlay  prior  to  initiation 
of  traffic  with  the  l66-kip,  dual-tandem  assembly  is  shown  in  Figure  73. 
The  cracks  were  caused  by  the  outrigger  wheels  from  the  prime  mover  for 
the  12-wheel  assembly.  The  cracks  were  hairline  and  were  held  tightly 
closed.  The  longitudinal  crack  corresponded  to  a  crack  in  the  base  pave¬ 
ment,  and  the  short  transverse  cracks  corresponded  to  the  transverse  con¬ 
traction  joint  in  the  base  pavement.  This  cracking  was  not  considered 
as  representative  of  the  initial  failure  condition. 

Figures  74-76  show  the  progressive  deterioration  of  the  pavement 
as  traffic  was  applied.  Initial  failure  was  assigned  at  950  coverages 
with  the  166-kip  assembly  load.  The  condition  of  the  slab  at  this  cov¬ 
erage  level  is  illustrated  in  Figure  74.  The  transverse  crack  had  pro¬ 
gressed  to  the  edge  of  the  slab,  and  the  longitudinal  crack  ran  from  the 
edge  to  the  transverse  crack.  The  load  on  the  dual-tandem  assembly  was 
increased  to  240  kips  after  950  coverages  had  been  applied  with  the 
166-kip  assembly  load.  The  pavement  was  considered  to  have  reached  the 
shattered  slab  condition  after  250  coverages  and  complete  failure  after 
1*00  coverages  of  the  240-kip  load.  The  950  coverages  with  the  166-kip 
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load  were  converted  to  15  equivalent  coverages  of  the  PhO-kip  load  with 

23 

the  relative  loading  index  procedure  as  outlined  by  Hutchinson.  The 
values  shown  in  Table  lU  reflect  these  additional  15  coverages.  The 
pavement  at  the  shattered  slab  condition  was  essentially  as  shown  in 
Figure  75-  Complete  failure  was  assigned  before  the  pavement  reached 
the  condition  shown  in  Figure  76. 

ITEM  1,  STRUCTURAL  LAYERS  TEST  SECTION 

Figure  77  shows  the  condition  of  the  pavement  in  item  1,  lane  1, 
prior  to  initiation  of  traffic  with  the  200-kip,  dual-tandem  assembly. 
Figures  78-81  show  the  progressive  deterioration  of  the  pavement  as 
traffic  was  applied.  Initial  failure  was  assigned  at  1000  coverages. 

This  was  the  level  of  traffic  at  which  the  condition  of  the  slab  was  as 
illustrated  in  Figure  79.  Although  the  slab  was  not  completely  bisected 
by  a  crack,  it  was  felt  the  transverse  crack  and  permanent  deformation 
along  the  longitudinal  construction  joint  would  be  as  detrimental  as  a 
continuous  crack  across  the  slab.  The  arc-shaped  cracking  occurring  at 
the  ends  of  the  slab  was  discounted  in  determining  failure  of  the  slabs. 
It  was  felt  that  this  premature  cracking  was  caused  by  construction 
procedures.  Sufficient  compaction  of  the  lean  clay  in  the  MESL  was  not 
obtained  at  the  ends  of  the  section  because  of  the  inability  of  compac¬ 
tion  equipment  to  operate  in  this  area.  The  pavement  was  considered  to 
have  reached  the  shattered  slab  condition  at  1800  coverages.  This  condi¬ 
tion  is  illustrated  in  Figure  80.  Discounting  the  arc-shaped  cracks  at 
either  end,  it  was  felt  that  the  multiple  cracking  in  the  interior  would 
represent  a  structural  deterioration  of  the  pavement  which  would  be 
similar  to  the  slab  breaking  into  5  or  6  distinct  pieces.  Complete  fail¬ 
ure  was  assigned  at  3000  coverages,  as  illustrated  in  Figure  8l. 

Figure  82  shows  the  condition  of  the  pavement  in  lane  2  of  item  1 
prior  to  initiation  of  traffic  with  the  240-kip,  dual -tandem  assembly. 
Initial  failure  was  assigned  at  200  coverages.  This  condition  is  illus¬ 
trated  in  Figure  83.  Shattered  slab  failure  was  assigned  at  650  cov¬ 
erages  and  complete  failure  at  1010  coverages.  The  condition  at  complete 
failure  is  shown  in  Figure 


Failure  of  the  pavement  under  both  200-  and  2l*0-kip  traffic  was 
characterized  by  multiple  cracking.  The  cracks  did  not  spall  but  did 
ravel  around  the  edges  and  widen  as  traffic  was  applied.  The  pavements 
also  experienced  a  maximum  permanent  deformation  of  about  0.7  in.  in  both 
lane  1  and  lane  2.  Typical  cross  sections  are  shown  in  Figure  97.  The 
permanent  deformations  were  caused  primarily  by  densif ication  in  the  lean 
clay  MESL  and  in  the  clay  subgrade.  Density  measurements  (Table  7) 
showed  only  minor  increases  in  average  density,  but  measurements  of  the 
modulus  of  soil  reaction  showed  significant  increases,  indicating  the 
densif ication  of  the  lean  clay  in  the  MESL  and  of  the  subgrade. 

The  cross  sections  of  permanent  deformations  in  lane  2  (Fig¬ 
ure  97b)  indicate  some  upheaval  outside  the  traffic  lane.  Test  pits  dug 
across  both  lanes  failed  to  reveal  any  major  shear  failures  in  the  MESL. 
Therefore,  it  is  believed  that  the  permanent  deformations  and  upheavals 
outside  lanes  1  and  2  were  caused  by  densification  of  the  lean  clay  MESL 
with  shear  failure  in  the  subgrade.  This  conclusion,  however,  does  not 
preclude  the  possibility  of  shear  having  occurred  in  the  MESL.  The  ap¬ 
plication  of  traffic  probably  caused  a  kneading  or  remolding  of  the  lean 
clay  which  resulted  in  its  densification.  The  action  may  be  very  similar 
to  that  of  a  sheepsfoot  or  rubber-tired  roller. 

ITEM  2,  STRUCTURAL  LAYERS  TEST  SECTION 

Figure  85  shows  the  condition  of  the  pavement  in  item  2,  lane  1, 
prior  to  initiation  of  traffic  with  the  200-kip,  dual-tandem  assembly. 
Figures  86-89  shows  the  progressive  deterioration  of  the  pavement  as 
traffic  was  applied.  Initial  failure  was  assigned  at  500  coverages.  At 
this  coverage  level,  the  longitudinal  cracking  was  more  extensive  than 
that  shown  in  Figure  86,  but  the  cracks  had  not  begun  to  widen  as  shown 
in  Figure  87.  The  pavement  was  considered  to  have  reached  the  shattered 
slab  condition  at  1200  coverages.  At  this  coverage  level,  some  of  the 
longitudinal  cracks  were  beginning  to  widen,  and  transverse  cracks  con¬ 
necting  the  longitudinal  cracks  were  beginning  to  occur.  Complete  fail¬ 
ure  was  assigned  at  1770  coverages.  This  condition  is  illustrated  in 
Figure  88.  Multiple  cracking  had  occurred  and  some  of  the  cracks  had 
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widened.  Although  traffic  was  continued  up  to  3000  coverages  after  re¬ 
pairing  the  ends  of  the  slab,  it  was  felt  that  the  condition  illustrated 
in,  Figure  88  constituted  complete  failure. 

Figure  90  shows  the  condition  of  the  pavement  in  item  2,  lane  2, 
prior  to  initiation  of  traffic,  with  the  2h0-kip ,  dual-tandem  assembly-. 
Initial  failure  was  assigned  at  150  coverages.  The  cracking  at  150  cov¬ 
erages  was  not  quite  as  extensive  as  that  shown  in  Figure  91.  The  crack¬ 
ing  was  not  considered  sufficient  to  consider  the  pavement  failed,  but 
penoanent  deformations  of  about  0.5  in.  had  occurred.  Evidence  of  up¬ 
heaval  was  also  noted.  The  shattered  slab  condition  was  assigned  at 
UOQ.  coverages  and  complete  failure  at  7^0  coverages.  The  condition  of 
th«  slab  after  950  coverages  is  shown  in  Figure  92.  From  Figures  91 
andt  92,  it  can  be  seen  that  cracking  and  permanent  deformation  progressed 
rapidly  after  200  coverages. 

Deterioration  of  the  pavement  in  lanes  1  and  2  was  characterized. 

1 

by  multiple  cracking  and  large  permanent  deformations.  The  pavements 
behaved  more  like  flexible  than  rigid  pavements.  Traffic  was  continued 
after  the  slabs  were  considered  completely  failed,  and  permanent  defor¬ 
mations  of  up  to  2.1  in.  were  experienced  in  lane  1  and  up  to  3; 2  in.  in 
lane  2.  Such  large  permanent  deformations  are  typical  of  failure  in 
flexible  rather  than  rigid  pavement.  Typical  cross  sections  of  permanent 
deformations  from  both  lanes  are  illustrated  in  Figure  98.  The  cross 
sections  in  Figure  98  show  that  considerable  differential  deformation 
occurred  along  the  longitudinal  construction  joint  in  lane  1  and  that 
considerable  upheaval  occurred  outside  lane  2.  The  differential  movement 
in  lane  1  indicates  that  the  joint  was  inadequate,  and  the  upheaval  in 
lane  2  indicates  that  shear  failure  occurred  in  the  underlying  material. 

The  failure  of  the  thickened-edge  longitudinal  construction  joint 
was  evident  from  the  differential  movements  shown  in  Figure  98  and  illus¬ 
trated  in  Figures  93  and  91*.  As  traffic  was  applied  along  the  joint,  the 
north  edge  of  the  south  slab  moved  downward  relative  to  the  north  slab. 
The  thickened  edge  stiffened  the  slab  parallel  to  the  joint  and  prevented 
cracking  perpendicular  to  the  Joint.  However,  since  there  was  no  load 
,  transferred  to  the  adjacent  slab,  high  vertical  pressures  on  the  base 


end  subgrade  resulted.  This  development  caused  some  shearing  in  the 
cement-treated  base  and  some  densification  in  the  subgrade.  The  results 
in  Table  7  show  that  the  modulus  of  soil  reaction  for  the  subgrade  in¬ 
creased  from  85  to  118  pci  and  for  the  cement-treated  base  decreased  from 
5^5  to  490  pci.  Although  the  magnitude  of  the  changes  is  small,  their 
directions  indicate  densification  in  the  subgrade  and  shear  in  the 
cement-treated  base.  The  test  pit  shown  in  Figure  95  confirmed  that 
densification  probably  occurred. 

As  traffic  was  applied  in  lane  1,  the  deformation  along  the  Joint 
increased,  resulting  in  longitudinal  cracking  as  shown  in  Figures  86 
and  87.  The  pavement  appeared  to  behave  as  if  it  were  cantilevered,  with 
the  point  of  fixity  located  near  the  edge  of  the  traffic  lane. 

Failure  of  the  pavement  in  lane  2  was  caused  by  shear  failures  in 
the  cement-treated  base  and  in  the  subgrade  as  indicated  by  the  large  up¬ 
heavals  occurring  outside  the  traffic  lane  (Figure  98).  Upheavals  of  up 
to  2.1  in.  occurred  along  the  north  edge  of  the  pavement.  Modulus  of 
soil  reaction  tests  (Table  7)  on  the  cement-treated  base  showed  a  de¬ 
crease  from  545  to  375  pci.  This  decrease  indicates  that  shear  fail¬ 
ure  occurred  in  the  base  course.  The  magnitude  of  the  upheavals  and 
the  fact  that  upward  movement  occurred  for  a  considerable  distance  out¬ 
side  the  traffic  lane  indicate  that  shear  failure  occurred  in  the  sub¬ 
grade.  The  large  deformation  initially  caused  longitudinal  cracking 
in  the  slab. 

ANALYSIS  OF  RESULTS  FROM  CONTROLLED, 

ACCELERATED  TRAFFIC  TESTS 

The  performances  of  the  four  test  items  are  analyzed  in  the 
following  paragraphs.  Material  properties  (primarily  flexural  strength 
and  modulus  of  soil  reaction)  were  selected  to  represent  average  condi¬ 
tions  during  the  period  traffic  was  applied.  This  selection  was  neces¬ 
sary  since  the  material  properties  are  affected  by  both  age  and  the 
repeated  application  of  load. 

The  procedure  for  evaluating  the  performance  of  the  fibrous  con¬ 
crete  pavement  consisted  of  using  present  criteria  and  computing  an 


unreinforced  concrete  pavement  thickness  for  the  test  conditions  that 
would  have  teen  required  for  the  volume  of  traffic  applied.  The  methods 
used  in  evaluating  the  test  results  follow  the  Corps  of  Engineers  proce¬ 
dure,  hut  the  results  are  compatible  with  FAA  procedure  because  of  the 
common  basis  for  both  procedures. 

The  required  thickness  was  selected  by  first  computing  the  stan¬ 
dard  thickness.  The  standard  thickness  is  the  thickness  required  for 
5000  coverages  of  the  design  load  based  on  the  initial  or,  as  often 
referred  to,  first  crack  failure  criterion.  The  standard  thickness  is 
selected  by  determining  the  thickness  which  will  result  in  a  stress  a 
equal  to  the  design  flexural  strength  R  divided  by  a  design  factor  of 
1.3  when  the  design  loading  is  applied,  i.e., 


o 


R 

1.3 


(2) 


The  selection  of  a  design  factor  of  1.3  is  based  on  the  results  of 

accelerated  traffic  tests  and  condition  surveys  and  is  explained  by 
22 

Hutchinson.  The  stress  is  computed  for  the  edge  load  and  dense  liquid 

38-42 

foundation  condition  as  developed  by  Westergaard  from  the  influence 

li3  h4 

charts  developed  by  Pickett  et  al.  and  Pickett  and  Ray.  The  thick¬ 
ness  required  for  the  applied  traffic  was  computed  by  multiplying  the 
standard  thickness  by  the  appropriate  thickness  ratio  for  the  applied 

23 

coverage  level  determined  from  Figures  10-12  presented  by  Hutchinson. 

For  the  overlay  of  item  3  from  the  keyed  longitudinal  Joint  test 
section,  the  required  overlay  thickness  for  5000  coverages  of  the  re¬ 
quired  load  was  computed  using  the  equation 


where 


hQ  *  overlay  thickness  for  5000  coverages,  in. 

hj  =  standard  thickness  of  plain  concrete  pavement  deter¬ 
mined  using  the  modulus  of  subgrade  reaction  of  the 
underlying  material,  in. 


(3) 


58 


C  =  condition  coefficient  for  the  base  pavement  depending  on 
its  structural  condition  and  the  design  flexural  strength 
for  the  overlay 

hg  =  thickness  of  the  existing  pavement,  in. 

hjb  =  standard  thickness  of  plain  concrete  determined  using  the 

subgrade  modulus  of  the  underlying  material  and  the  flexural 
strength  of  the  base  pavement,  in. 

22 

This  equation  was  recommended  by  Hutchinson  for  cases  in  which  the 
flexural  strength  of  the  overlay  differs  from  the  flexural  strength  of 
the  base  pavement  by  more  than  100  psi.  This  will  usually  be  the  case 
when  fibrous  concrete  is  used  to  overlay  a  plain  concrete  pavement.  The 
standard  thickness  was  modified  by  multiplying  by  the  appropriate  thick¬ 
ness  ratios  for  the  applied  traffic  level.  The  computed  thickness  was 
then  compared  with  the  actual  thickness  of  the  fibrous  concrete,  and  the 
comparison  was  used  in  modifying  present  criteria  to  reflect  the  perfor¬ 
mance  of  the  fibrous  concrete  pavement.  Recommended  criteria  will  be 
presented  in  the  next  section  of  this  report. 

The  deflection  of  the  pavement  was  also  considered.  Since  the 
fibrous  concrete  slabs  were  relatively  thin,  they  experienced  rather 
large  deflections  before  the  flexural  strength  of  the  concrete  was  ex¬ 
ceeded.  The  magnitudes  of  the  deflections  and  other  response  parameters 
were  more  characteristic  of  flexible  pavement  than  of  rigid  pavement. 
Shear  and  densification  in  the  underlying  material  were  evident  in 
several  of  the  test  pavements.  If  premature  failure  in  the  underlying 
material  was  to  be  minimized,  it  was  felt  that,  in  addition  to  stress  in 
the  slab,  some  other  parameter  such  as  deflection  would  have  to  be  con¬ 
sidered  in  design. 

ITEM  5  AND  ITEM  3  OVERLAY,  KEYED 

LONGITUDINAL  JOINT  TEST  SECTION 

From  the  material  properties  presented  in  Tables  1-4,  the  prop¬ 
erties  presented  in  Table  15  were  selected  for  analyzing  the  performance 
of  the  pavements. 

The  concrete  modulus  of  elasticity  value  used  for  both  items  is 
the  average  of  the  values  from  all  tests,  both  flexural  and  compressive. 
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Table  15 

Selected  Material  Properties  for  Item  5  and,  the  Item  3  Overlay 
of  the  Keyed  Longitudinal  Joint  Test  Section 


Property 

Item  5 

Item  3 
Overlay 

Item  3 

Base  Pavement 

Modulus  of  elasticity 
of  concrete  E  , 

106  psi  c 

5.6 

5.6 

6.4 

Modulus  of  soil  reac¬ 
tion  k  ,  pci 

75 

100 

Nominal  slab  thick¬ 
ness  h  ,  in. 

6.0 

4.4 

9.5 

Poisson's  ratio  of 
concrete  v 

c 

0.2 

0.2 

0.2 

Flexural  strength  of 
concrete  Rc  ,  psi 

940 

1050 

750 

The  modulus  of  soil  reaction  values  were  selected  somewhat  on  the  high 
side.  The  foundation  became  stiffer  with  traffic,  and  the  values  se¬ 
lected  were  closer  to  the  after-traffic  measurements  than  to  the  as- 
constructed  measurements. 

Average  measured  thickness  values  were  used,  and  a  value  for 
Poisson's  ratio  of  0.2  was  assumed.  A  condition  coefficient  of  0.35 
was  assigned  the  base  pavement  in  lane  1  of  item  3,  and  1.00  was  assigned 
in  lane  2.  The  fibrous  concrete  flexural  strength  used  in  the  analysis 
was  selected  with  the  aid  of  Figure  99.  This  figure  shows  flexural 
strength  as  a  function  of  age  for  the  beams  molded  during  construction, 
the  strength  of  beams  sawed  from  the  pavement  slabs,  and  the  time  periods 
during  which  traffic  was  applied. 

A  value  of  940  psi  was  chosen  as  the  flexural  strength  for  both 
lane  1  and  lane  2  of  item  5.  The  concrete  showed  relatively  little 
strength  gain  from  the  time  traffic  was  started  until  completion  of 
traffic,  and  the  strengths  from  the  beams  and  cores  taken  from  the  slabs 
were  consistent  with  the  strengths  from  the  molded  beams.  There  was 
also  considerable  scatter  in  the  results  indicating  nonuniform  concrete 
in  the  slabs.  Therefore,  the  selection  of  one  value  was  considered 
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sufficiently  accurate  for  the  analysis. 

A  value  of  1050  psi  was  chosen  as  the  flexural  strength  for  both 
lane  1  and  lane  2  of  the  item  3  overlay.  The  molded  beams  shoved  a 
strength  gain  of  about  100  psi  from  the  time  traffic  was  started  until 
traffic  was  completed.  The  beams  and  cores  taken  from  the  pavement  slabs 
indicated  lower  strengths  than  did  the  molded  beams.  This  result  was  not 
consistent  vith  what  was  expected  since  the  saved  beams  were  smaller 
(4  by  4  in.),  a  characteristic  which  should  have  resulted  in  higher 
strengths  than  those  of  the  6-  by  6-in.  molded  beams.  However,  dif¬ 
ferences  in  curing  conditions  could  have  caused  the  differences  in 
strengths.  This  item  was  an  overlay  and  did  not  have  access  to  moisture 
from  the  subgrade  as  do  slabs  on  grade.  Therefore,  both  surfaces  were 
usually  dry,  with  only  the  top  surface  subjected  to  moisture  during 
precipitation.  On  the  other  hand,  a  slab  on  grade  is  exposed  to  the 
moisture  in  the  underlying  material.  Because  of  the  erratic  nature  of 
the  values  from  strength  measurements,  the  strength  used  in  the  analysis 
was  chosen  as  slightly  higher  than  the  average  strength  obtained  for  the 
specimens  from  the  slabs.  It  was  felt  that  this  value  would  be  more 
representative  of  the  strength  of  the  concrete  in  the  pavement  than  a 
higher  value  based  on  the  molded  and  laboratory  cured  specimens. 

With  the  material  properties  presented  in  Table  15,  thickness 
requirements  were  computed  for  the  applied  traffic  levels  using  the  pro¬ 
cedure  outlined  previously.  The  computed  thickness  values  are  presented 
in  Table  l6.  The  next  to  the  last  column  in  Table  l6  shows  ratios  of 
the  computed  thickness  of  plain  PCC  to  the  actual  thickness  of  fibrous 
concrete.  For  all  failure  modes,  the  ratio  indicates  that  the  fibrous 
concrete  pavement  performed  better  than  current  criteria  would  have 
predicted  plain  concrete  pavement  to  perform.  The  average  ratio  for 
both  items,  both  loads,  and  all  failure  conditions  is  1.58  and  the  stan¬ 
dard  deviation  is  0.123.  The  ratios  suggest  that  the  required  thick¬ 
ness  of  fibrous  concrete  is  about  two-thirds  of  that  required  for  plain 
concrete. 

The  last  column  in  Table  l6  shows  the  ratios  of  the  actual  fibrous 
concrete  thickness  to  the  computed  standard  thickness  of  plain  PCC. 
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Table  16 


Comparative  Performance  of  Item  5  and  the  I  tea  3  Overlay  of  the 
Keyed  Longitudinal  Joint  Teat  Section 


Ratio  of 
Required 
PCC 


Failure 

Condition 

Assembly 

Coverage 

Level 

Required 

Percent 

Standard 

Thickness 

Standard 

PCC 

Thickness 

_ iSi _ 

Required 

PCC 

Thickness 

in. 

to  Actual 
Fibrous 
Concrete 
Thickness 

Item  5 

Initial 

360-klp, 

12-vheel 

350 

92 

10.2 

9.4 

1.56 

Initial 

l66-klp, 

dual-tandem 

60 

88 

12.7 

11.1 

1.85 

Shattered 

slab 

360-klp, 

12-vheel 

2400 

92 

10.2 

9-4 

1.56 

Shattered 

slab 

1 66-kip , 
dual-tandem 

150 

76 

12.7 

9.7 

1.6l 

Complete 

360-klp, 

12-vheel 

6000  • 

94 

10.2 

9.6 

1.60 

Complete 

166-kip, 

dual-tandem 

320 

71 

12.7 

9.0 

1.50 

USB  JL2S£lHL 

Initial 

360-klp, 

12-vheel 

2600 

98 

7.4 

7.3 

1.66 

Initial 

166-klp, 

dual-tandem 

950 

95 

6.2 

5.9 

1.3>* 

Shattered 

slab 

360-klp, 

12-vheel 

5000 

95 

7.!* 

7.1 

1.6l 

Shattered 

slab 

240-kip, 

dual-tandem 

265 

76 

9.6 

7.3 

1.66 

Complete 

240-kip, 

dual-tandem 

1*15 

68 

9.6 

6.5 

1.46 

Ratio  of 
Actual 
Fibrous 
Concrete 
to 

Standard 

PCC 

Thickness 


0.59 

0.47 


0.59 

0.1*7 


0.59 

0.1*7 


0.59 

0.71 


0.59 

0.46 


0.46 


These  ratios  are  approximately  one-half.  The  ratios  are  plotted  versus 

the  applied  coverage  levels  in  Figures  100  and  101.  Also  shown  in  Fig- 

23 

ures  100  and  101  are  curves  for  plain  PCC  as  presented  by  Hutchinson. 

The  locations  of  the  points  illustrate  the  improved  performance  of  the 
fibrous  concrete  pavements. 

Maximum  static  elastic  deflections  measured  before  traffic  was 
applied  are  plotted  versus  the  coverage  levels  in  Figure  102.  Although 
there  are  not  enough  points  to  draw  any  definite  conclusions,  the  trend 
seems  to  be,  as  would  be  expected,  that  the  allowable  traffic  volume  in¬ 
creases  as  elastic  deflection  decreases.  No  reliable  measurements  were 
available  for  the  360-kip,  12-wheel  assembly  on  the  item  3  overlay  or  for 
the  240-kip,  dual-tandem  assembly. 

ITEMS  1  AND  2,  STRUCTURAL 
LAYERS  TEST  SECTION 

From  the  material  properties  presented  in  Tables  7-H>  the  prop¬ 
erties  presented  in  Table  17  were  selected  for  analyzing  the  performance 

Table  17 

Selected  Material  Properties  for  Items  1  and  2  of  the 
Structural  Layers  Test  Section 


Property 

Item  1 

Lane  1  Lane  2 

Item  2 

Lane  1  Lane  2 

Modulus  of  elasticity  of  concrete 
Eq  ,  106  psi 

5.6 

5.6 

5.6 

5.6 

Modulus  of  soil  reaction  k  ,  pci 

225 

225 

500 

500 

Slab  thickness  h  ,  in. 

7.0 

7.0 

4.0 

4.0 

Poisson's  ratio  of  concrete  v 

c 

0.2 

0.2 

0.2 

0.2 

Flexural  strength  of  concrete 

Rc  ,  psi 

1000 

1200 

1000 

1050 

of  the  pavements.  The  concrete  modulus  cf  elasticity  used  for  both  lanes 
of  both  items  is  the  average  of  all  flexural  and  compressive  values. 
Nominal  values  of  thickness  were  used,  and  Poisson's  ratio  of  0.2  was 
assumed. 

The  modulus  of  soil  reaction  values  were  selected  on  the  high 
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side.  The  MESL  and  subgrade  in  item  1  underwent  considerable  densifi- 
cation  during  traffic,  which  resulted  in  increased  stiffness.  The  value 
of  225  pci  selected  represents  the  after-traffic  conditions  more  closely 
than  it  does  as-constructed  conditions. 

The  cement- treated  base  in  item  2  experienced  shear  failure  during 
traffic,  which  resulted  in  a  decrease  in  the  stiffness.  A  value  of 
500  pci  was  selected  for  the  modulus  of  soil  reaction  to  represent  both 
lanes.  For  lane  1,  this  value  may  be  unconservative,  and  for  lane  2,  it 
may  be  too  conservative.  However,  the  effects  of  such  errors  on  the 
analysis  will  be  small. 

Figure  103  was  used  in  selecting  the  flexural  strength  to  use  in 
the  analysis.  This  figure  shows  flexural  strength  as  a  function  of  age 
for  beams  molded  during  construction,  the  strength  of  beams  sawed  from 
the  pavement  slabs,  and  the  time  periods  during  which  traffic  was 
applied. 

A  value  of  1000  psi  was  chosen  as  the  flexural  strength  for 
lane  1  of  item  1,  and  a  value  of  1200  psi  was  chosen  for  lane  2  of 
item  1.  The  field-molded  specimens  showed  a  considerable  increase  in 
flexural  strength  with  time.  However,  the  specimens  sawed  from  the  Blabs 
indicated  a  smaller  strength  gain  than  the  molded  specimens.  The  differ¬ 
ence  in  the  molded  beams  and  sawed  beams  can  be  explained  by  a  difference 
in  molding  and  curing  conditions  as  well  as  beam  size.  As  with  the  over¬ 
lay  of  item  3  of  the  keyed  longitudinal  Joint  test  section,  the  slab  did 
not  have  access  to  moisture  in  the  underlying  material  because  of  the 
impervious  membrane.  This  may  have  affected  the  strength  gain  and  caused 
the  flexural  strength  values  to  be  lower  than  those  of  the  molded  beams 
which  were  moist-cured.  The  beams  sawed  from  the  slabs  were  also  larger 
than  the  molded  beams,  a  characteristic  which  could  have  caused  a  reduc¬ 
tion  in  measured  strength.  The  value  of  1000  psi  selected  for  lane  1  is 
consistent  with  results  from  the  molded  specimens  and  is  approximately 
equal  to  the  average  of  the  values  from  the  sawed  beams.  The  value  of 
1200  psi  selected  for  lane  2  is  lower  than  that  obtained  in  the  after¬ 
traffic  tests  on  the  molded  beams  but  higher  than  the  average  of  the 
values  for  the  sawed  beams.  It  was  felt  that  the  beams  sawed  from  the 
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slabs  better  represented  the  strength  of  the  concrete  in  the  slabs. 

A  value  of  1000  psi  was  chosen  for  the  flexural  strength  for 
lane  1  of  item  2,  and  a  value  of  1050  psi  was  chosen  for  lane  2  of 
item  2.  The  molded  beams  and  the  beams  saved  from  the  slabs  showed  a 
consistent  gain  in  strength  with  age.  The  results  obtained  from  lane  1 
were  very  consistent.  The  beams  sawed  from  lane  2  showed  a  larger  in¬ 
crease  than  was  indicated  by  the  molded  beams.  The  value  of  1000  psi 
selected  for  lane  1  is  consistent  with  results  from  both  the  molded  and 
sawed  specimens.  The  value  of  1050  psi  selected  for  lane  2  is  higher 
than  the  results  from  the  after-traffic  tests  on  the  molded  beams  but 
lover  (60  psi)  than  the  results  from  tests  of  the  saved  beams.  This  dif¬ 
ference  is  somewhat  inconsistent  with  the  criterion  used  in  the  selec¬ 
tion  of  the  strength  for  the  other  items  since  the  usual  procedure  was  to 
select  values  which  were  larger  than  or  approximately  equal  to  the  values 
for  the  saved  beams.  However,  in  this  case,  some  weight  was  given  to 
the  fact  that  the  molded  beams  showed  an  increase  in  strength,  which  was 
consistent  with  results  for  the  saved  beams. 

With  the  material  properties  tabulated  in  Table  17,  thickness 
requirements  were  computed  for  the  applied  traffic  levels  using  the  pro¬ 
cedure  outlined  previously.  The  computed  thickness  values  sure  presented 
in  Table  18.  The  next  to  last  column  in  Table  18  shows  ratios  of  the 
computed  thickness  of  plain  PCC  to  the  actual  thickness  of  fibrous  con¬ 
crete.  For  the  initial  (or  first  crack)  failure  mode,  the  ratios  show 
that  the  fibrous  concrete  pavement  performed  better  than  current  criteria 
would  have  predicted  for  plain  PCC  pavement.  However,  the  ratios  are 
not  as  large  as  they  were  for  the  two  items  from  the  keyed  longitudinal 
Joint  test  section  previously  considered.  For  the  shattered  slab  and 
complete  failure  modes,  the  ratios  decrease.  This  development  reflects 
the  failure  of  the  underlying  materiel..  The  criterion  used  for  the  cal¬ 
culations  is  for  plain  PCC  pavement  in  which  failure  of  the  underlying 
materiel,  is  not  a  factor  in  the  performance,  i.e.,  pressure  on  the  under¬ 
lying  material  is  insufficient  to  cause  shear  or  densification.  However, 
for  these  two  test  items,  the  slabs  were  thin  enough  so  that  the  pres¬ 
sures  on  the  underlying  material  were  sufficient  to  cause  densification 
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Table  18 


Failure 

Condition 


Initial 

Initial 


Shattered 

slab 

Shattered 

slab 

Complete 

Complete 


Initial 

Initial 

Shattered 

slab 

Shattered 

slab 

Complete 

Complete 


Comparative  Performance  of  Items  1  and  2  of  the 
Structural  Layers  Teat  Section 


Ratio  of 

Ratio  of  Actual 

Required  Fibrous 

PCC  Concrete 

Required  Standard  Required  to  Actual  to 

Percent  PCC  PCC  FibrouB  Standard 

Coverage  Standard  Thickness  Thickness  Concrete  PCC 

Aaaemhlat  Level  Thickness  In..  in.  Thickness  Thickness 


Item  1 


200-kip, 

dual- tAOdttD 

1000 

94 

240-kip, 
dual- tandem 

200 

89 

200-kip, 

dual-tandtem 

1800 

83 

2l*0-kip, 

dual-tandem 

650 

76 

200-kip, 

dual-tandem 

3000 

76 

2k0-kip, 

1010 

66 

dual-tandem 


Item  2 


200-kip, 

dual-tandem 

500 

75 

240-kip, 

dual -tandem 

150 

72 

200-kip, 

dual-tandem 

1200 

59 

240-kip, 

dual-tandem 

400 

51 

200-klp , 
dual-tandem 

1770 

48 

240-kip, 

dual-tandem 

740 

37 

10.3 

’  9.7 

1.38 

0.68 

10.3 

9.2 

1.31 

0.68 

10.3 

8.6 

1.22 

0.68 

10.3 

7.8 

1.11 

0.68 

10.3 

7.8 

1.12 

0.68 

10.3 

6.8 

0.97 

0.68 

8.3 

6.2 

1.56 

(1.93) 

0.4(8 

9.4 

6.8 

1.70 

(2.10) 

0.L3 

8.3 

4.9 

1.22 

O.W 

9.4 

4.8 

1.20 

0.43 

8.3 

1».0 

1.00 

0.1(8 

9.*t 

3.5 

0.88 

0.1(3 

in  the  MESL  and  underlying  subgrade  in  item  1  and  shear  failure  in  the 
cement-treated  base  and  shear  failure  and  densification  in  the  underlying 
material  in  item  2.  It  is  believed  that  the  failure  of  the  underlying 
material  accelerated  the  deterioration  of  the  slabs.  It  should  be  noted 
that  the  computed  values  for  initial  failure  are  based  on  a  criterion 
which  permits  a  reduction  in  thickness  for  high-strength  foundations 
(modulus  of  soil  reaction  of  300  pci  or  greater).  The  numbers  in  paren¬ 
theses  in  Table  18  (for  item  2)  reflect  no  reduction  in  required  thick¬ 
ness  for  high-strength  foundations  and  are  in  agreement  with  the  perfor¬ 
mance  observed  in  the  previously  discussed  tests,  i.e.,  the  required 
thickness  of  fibrous  concrete  is  about  two-thirds  of  the  required  thick¬ 
ness  of  plain  PCC.  Recommended  criteria  reflecting  no  decrease  in 
thickness  for  high-strength  foundations  are  presented  in  the  following 
section  of  this  report. 

The  last  column  in  Table  18  presents  ratios  of  actual  fibrous  con¬ 
crete  thickness  to  the  computed  standard  thickness  of  PCC.  The  ratios 
are  plotted  versus  the  applied  coverage  levels  in  Figures  104  and  105- 

Also  shown  in  these  figures  are  curves  for  plain  concrete  as  presented 
23 

by  Hutchinson.  The  locations  of  the  points  indicate  that  the  fibrous 
concrete  performed  better  than  plain  PCC  for  most  cases.  One  exception 
was  for  the  complete  failure  mode  for  item  1  with  the  2U0-kip,  dual¬ 
tandem  loading.  Complete  failure  of  item  2  with  the  2^0-kip,  dual-tandem 
loading  would  also  be  an  exception  since  the  ratio  is  less  than  one. 
However,  this  is  not  apparent  from  Figure  105  since  a  curve  for  complete 
failure  with  a  modulus  of  soil  reaction  k  of  500  pci  is  not  shown. 

Maximum  static  elastic  deflections  measured  before  traffic  was 
applied  are  plotted  versus  the  coverage  levels  in  Figure  106.  The 
general,  trend  appears  to  be,  as  would  be  expected,  that  the  allowable 
traffic  volume  increases  as  the  elastic  deflection  decreases.  The  points 
for  the  200-kip,  dual-tandem  loading  were  along  the  longitudinal  joint 
and  would  be  expected  to  be  somewhat  different  even  though  load  transfer 
was  adequate.  The  measurements  fail  to  show  any  definite  trends  in  this 
respect,  and  the  scatter  shown  is  inherent  in  this  type  testing. 
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RESULTS  FROM  FIELD  INSTALLATIONS 


The  results  from  the  field  installations  are  presented  in  the 
following  paragraphs.  Results  from  these  installations  deal  primarily 
with  the  construction  and  behavior  of  fibrous  concrete  pavements  under 
field  conditions. 

TAMPA  OVERLAYS 

The  construction  of  these  pavements  illustrated  that  fibrous  con¬ 
crete  can  be  produced  and  placed  with  conventional  paving  equipment.  The 
construction  also  demonstrated  that  with  proper  batching  and  mixing  tech¬ 
niques  balling  of  the  fibers  can  be  essentially  eliminated  and  that  with 
proper  equipment  low-slump  (l  to  2  in. )  fibrous  concrete  can  be  placed. 
The  manual  techniques  used  for  introducing  the  fibers  emphasized  the 
need  for  bulk-handling  of  fibers.  This  problem  is  being  studied  and  will 
be  considered  later. 

The  overlays  were  partially  bonded,  but  no  reflection  cracking  was 
observed  prior  to  opening  for  traffic.  However,  as  traffic  has  been 
applied,  cracking  has  developed  in  the  overlays  as  illustrated  in  Fig¬ 
ure  107.  The  cracks  in  the  overlay  coincide  with  Joints  or  cracks  in 
the  base  pavement.  The  cracks  in  the  overlay  which  correspond  to  Joints 
in  the  base  pavement  have  widened  sufficiently  to  cause  failure  (bond  or 
fracture)  of  the  fibers  across  the  cracks.  The  condition  of  these  cracks 
illustrates  that,  for  partially  bonded  fibrous  concrete  overlays,  as 
with  plain  or  reinforced  concrete.  Joints  in  the  overlay  and  base  pave¬ 
ment  should  be  matched.  The  cracks  in  the  overlays  corresponding  to  the 
cracks  in  the  base  pavement  have  not  widened  significantly,  indicating 
that  the  fibers  across  the  crack  are  still  effective. 

WES  ROADWAY 

This  pavement  was  constructed  primarily  to  study  the  crack  pat¬ 
tern  which  would  develop  in  a  fibrous  concrete  pavement  and  the  nature 
of  the  cracks  that  would  form.  The  crack  pattern  that  developed  is 
shown  in  Figure  108.  The  slab  lengths  ranged  from  63  to  2U0  ft.  The 
average  slab  length  was  126.  U  ft,  and  the  standard  deviation  of  the 
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slab  length  was  56.3  ft.  All  seven  cracks  in  the  pavement  occurred  dur¬ 
ing  the  first  night  following  concrete  placement.  The  cracks  widened 
considerably,  i.e.,  they  were  not  hairline  cracks  held  tightly  closed  by 
the  fibers  such  as  have  been  noticed  for  load-induced  cracks.  No  addi¬ 
tional  cracking  has  been  observed  to  this  date  even  though  the  concrete 
temperature  has  dropped  from  a  high  of  120°  F  on  the  day  the  pavement 
was  constructed  to  a  low  of  about  35°  F. 

A  plot  of  crack  width  versus  slab  temperature  for  a  typical  crack 
is  shown  in  Figure  109.  This  figure  shows,  as  expected,  that  the  crack 
width  increased  as  the  temperature  decreased.  Also,  if  the  data  points 
are  examined  carefully,  it  will  be  noted  that  the  width  increased  with 
age  for  several  days  after  construction  until  a  stable  condition  was 
reached  in  which  the  crack  width  was  basically  a  function  of  only  tem¬ 
perature.  The  slopes  of  the  lines  between  two  points  for  a  particular 
day  are  consistent,  and,  with  the  exception  of  the  measurements  made 
on  28  February  197^>  the  magnitudes  of  the  crack  widths  appear  to  follow 
a  definite  trend.  The  measurements  made  on  28  February  197^  indicate 
that  a  gradual  noncyclic  or  permanent  opening  of  the  crack  was  occurring. 

Maximum  crack  widths  (measured  at  a  slab  temperature  of  36°  F) 
are  shown  plotted  in  Figure  110  versus  the  length  of  slab  contributing 
to  movement  at  the  crack  (one-half  of  the  sum  of  the  lengths  of  slabs  on 
either  side  of  the  crack).  This  figure  illustrates  the  problem  of  long 
slabs,  i.e.,  the  crack  opening  will  be  proportional  to  the  slab  length. 
This  problem  indicates  that  the  number  of  Joints  should  be  reduced,  but 
such  a  reduction  will  increase  difficulties  involved  in  providing  ade¬ 
quate  load  transfer  and  keeping  the  Joints  sealed.  Because  of  the  pro¬ 
bability  of  large  Joint  openings,  it  may  be  advisable  to  maintain  a 
Joint  spacing  consistent  with  current  practices  (15  to  25  ft)  with  say 
50  ft  as  a  maximum  if  steps  are  taken  to  provide  adequate  load  transfer 
(dowels)  and  proper  seal  (preformed  compression  seals). 

The  magnitudes  of  the  Joint  openings  which  occurred  were  magnified 
by  the  conditions  under  which  the  pavement  vas  constructed.  The  air  tem¬ 
perature  during  placement  reached  a  high  of  95°  F.  This  combined  with 
the  high  cement  content  (9  sacks  per  cubic  yard)  resulted  in  high  slab 
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temperatures  (up  to  120°  P  measured)  during  hydration.  Therefore,  the 
measured  crack  widths  shown  in  Figure  110  correspond  to  a  temperature 
drop  in  the  slab  of  about  8^°  F.  The  dashed  curve  shown  in  Figure  110 
is  computed  from  the  formula 


AX  *  XeAt 


(4) 


where 

AX  =  slab  movement,  ft 
X  =  slab  length,  ft 

e  =  thermal  coefficient  for  concrete  (assumed  equal  to 
0.000006  per  degree  Fahrenheit) 

At  =  temperature  drop  (8U°  F) 

The  correlation  between  the  measured  values  and  the  computed  relationship 
indicates  that  the  large  measured  values  are  reasonable. 

The  fact  that  all  the  cracks  occurred  during  the  night  after  the 
pavement  was  placed  points  out  another  factor  which  must  be  considered 
in  the  construction  of  fibrous  concrete  pavement.  The  high  cement  con¬ 
tents  normally  used  will  accelerate  hydration,  and  therefore  the  temper¬ 
ature  rise  should  be  higher.  When  fibrous  concrete  is  placed  during 
warm  weather,  the  saving  of  contraction  joints  must  he  closely  coordi¬ 
nated  in  order  to  avoid  shrinkage  cracking. 

TESTS  CONDUCTED  BY  OTHER  AGENCIES 

Visual  examination  of  cores  taken  from  the  slab  constructed  at 
0RDL  in  1967  (Placement  1  in  Appendix  A)  shoved  no  evidence  of  fiber 
corrosion  in  the  uncracked  concrete.  Cores  taken  across  a  shrinkage 
crack  showed  that  the  exposed  fibers  were  completely  deteriorated.  The 
crack  was  about  1/2  in.  wide,  and  the  fibers  were  completely  exposed  to 
air  and  moisture . 

Placements  3  and  4  were  slabs  which  contained  leave-outs  for  the 
installation  of  outlets  for  utilities  or  drainage  structures.  Normally, 
reinforcement  is  placed  around  such  openings  to  hold  the  cracks  that 
form  tightly  closed.  In  the  fibrous  concrete  slabs,  the  cracking  around 
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the  openings  has  been  contained,  and  the  short  cracks  that  Have  formed 
are  being  held  tightly  closed. 

Placement  5  illustrates,  as  did  the  WES  roadway,  that  shrinkage 
cracking  will  occur  in  long  fibrous  concrete  slabs,  that  the  resulting 
slabs  are  longer  than  can  be  ‘.chained  with  conventional  PCC,  and  that 
the  crack  widths  will  be  larger  since  they  are  proportional  to  the  slab 
lengths.  The  500-ft-long  slab  was  placed  on  9  August  1971  (air  temper¬ 
ature  from  78°  to  85°  F).  On  10  August,  a  crack  occurred  approximately 
265  ft  from  one  end  of  the  pavement.  This  crack  was  about  1/2  in.  wide 
when  it  was  observed  on  19  April  1972  (temperature  of  approximately 
1+5°  F).  During  December  1971*  a  crack  formed  about  95  ft  from  the  north 
end.  This  crack  was  about  3/8  in.  wide  when  observed  on  19  April  1972. 

Placement  8  illustrated  several  construction  problems  and  several 
response  problems.  The  overlay  was  placed  directly  on  the  base  pavement. 
Proper  grade  control  was  not  exercised  and  in  several  areas  the  thickness 
was  only  about  1  to  2  in.  thick,  whereas  the  design  thickness  was  3  in. 

A  deficiency  of  1  or  2  in.  would  not  be  as  severe  for  a  6-  or  8-in.  PCC 
overlay  as  it  is  for  say  a  3-  or  4-in.  fibrous  concrete  overlay. 

The  air  temperature  during  construction  of  Placement  8  ranged  from 
about  40°  to  55°  F.  Because  of  the  thinness  of  the  slabs,  the  lower 
temperatures  affected  the  strength  gain  of  the  concrete  much  more  than 
they  would  have  affected  that  in  a  thicker  slab.  The  slow  strength  gain 
with  time  combined  with  the  necessity  to  open  the  pavement  to  traffic  at 
the  earliest  possible  date  led  to  early  failure  of  parts  of  the  pavement 
having  a  low  fiber  content. 

The  bond  between  the  overlay  and  the  base  pavement  was  lost  over 
most  of  the  area  after  about  6  months.  After  bond  was  lost,  temperature 
and  moisture  gradients  through  the  slabs  caused  warping  or  curling  of 
the  thin  slabs.  The  warping  of  the  thin  slabs  resulted  in  high  flexural 
stresses  with  traffic  and  a  subsequent  rapid  deterioration  of  the  over¬ 
lays.  Deterioration  was  more  rapid  in  those  areas  which  had  120  lb  of 
fiber  per  cubic  yard  than  in  those  containing  200  lb  of  fiber  per  cubic 

yard.  The  deterioration  was  accentuated  by  deficiencies  in  thickness 

* 

at  certain  locations.  Those  areas  with  120  lb  of  fiber  per  cubic  yard 
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which  were  only  1  to  2  in.  thick  were  severely  deteriorated  after  only 

3  months.  Approximately  three- fourths  of  the  pavement  was  removed  after 

about  10  months.  A  complete  discussion  of  the  performance  of  the  over* 

13  45 

lays  is  given  by  Arnold  and  Brown  and  Arnold. 

The  Greene  County,  Iowa,  project  was  completed  in  October  1973. 
This  project  incorporated  a  number  of  variables,  and  study  of  it  should 
begip  tc  answer  a  number  of  questions  concerning  the  use  of  fibrous  con¬ 
crete  for  pavements. 

Several  important  questions  were  answered  during  construction. 

This  placement  constituted  the  first  time  that  mechanical  means  were  used 

i 

tq,  introduce  the  fibers  into  the  batching  sequence.  A  vibrating  hopper 
wi^th  a  screen  for  the  bottom  was  used  to  disperse  the  fibers  and  dispense 
them,  onto  a  conveyor  belt  which  fed  them  onto  the  aggregate  charging 
belt  of  the  central-mix  plant.  Fibers  for  a  batch  were  hand-dumped  from 
boxes  into  the  bucket  of  a  front-end  loader.  The  front-end  loader  then 
dumped  the  fibers  into  the  hopper.  The  equipment  still  requires  a  great 
deal  of  refinement,  but  it  did  illustrate  that  such  a  procedure  is  fea¬ 
sible  and  necessary  for  the  production  of  large  quantities  of  fibrous 
concrete. 

It  was  demonstrated  that  it  is  possible  to  place  thin  (as  small 
as  2- in. )  bonded,  partially  bonded,  or  unbonded  fibrous  concrete  with 
slip* form  paving  equipment.  Adjustments  must  be  made  to  equipment  and 
concrete  workability,  but  placement  is  possible. 

An  inspection  of  the  pavements  after  service  of  about  8  months 
revealed  several  aspects  concerning  the  performance  of  the  fibrous  con¬ 
crete  pavement.  The  3-in.  sections  performed  significantly  better  than 
the  2-in.  sections.  The  2- in.  sections  tended  to  begin  cracking  along 
the  edges  and  Joints  no  matter  what  the  bond  condition.  However,  after 
8  months,  the  deterioration  was  most  serious  in  the  unbonded  sections 
and  seemed  to  be  associated  with  curling  or  warping  of  the  slabs.  The 
cracking  that  occurred  in  the  bonded  and  partially  bonded  sections 
appeared  to  be  reflections  of  cracks  in  the  base  pavement.  Some  of  the 
cracks  widened  considerably,  depending  on  the  cracks  in  the  base  slab, 
but  some  remained  closed.  The  2-'.  "<  ■  at. -long  fibers  appear  to  ue  more 


effective  in  holding  the  cracks  closed  than  are  the  1-in. -long  fibers. 
The  sections  in  which  the  concrete  contained  160  lb  of  fiber  per  cubic 
yard  performed  better  than  the  sections  in  which  the  concrete  contained 
60  or  100  lb  of  fiber  per  cubic  yard. 
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RECOMMENDED  DESIGN  CRITERIA 


PAVEMENT  DESIGN 

Requirements  for  an  adequate  soil  investigation  and  evaluation 
and  material  requirements  for  bases  end  subbases  for  conventional  plain 
and  reinforced  concrete  pavements  are  applicable  to  fibrous  concrete. 
Design  procedures  currently  used  where  special  soil  and  environmental 
conditions  exist  are  also  applicable  to  the  design  of  fibrous  concrete 
pavements.  Currently  used  traffic  area  designations  and  traffic  dis¬ 
tribution  procedures  are  applicable  to  fibrous  concrete. 

THICKNESS  REQUIREMENTS 

It  is  recommended  that  the  required  thickness  be  computed  based 
on  the  limiting  stress  criterion.  The  maximum  tensile  stress  computed 
at  the  slab  edge  acting  parallel  to  the  edge  will  be  limited  by  the 
strength  of  the  concrete. 

Thickness  requirements  will  be  computed  in  terms  of  the  thickness 
required  for  a  specified  volume  of  traffic.  The  Corps  of  Engineers  con¬ 
cept  of  standard  thickness  was  used  in  formulating  the  design  method¬ 
ology.  The  standard  thickness  for  a  particular  loading  or  type  aircraft 
is  defined  as  the  thickness  required  for  5000  coverages  and  is  the 
thickness  such  that  the  induced  stress  in  the  slab  (computed  stress  a 
multiplied  by  0.75  to  account  for  25  percent  load  transfer)  is  equal  to 
the  concrete  flexural  strength  Rfi  divided  by  a  design  factor  of  1.3. 

In  order  to  determine  the  fibrous  concrete  thickness  required  for 
5000  coverages  or  any  other  coverage  level,  the  computed  standard  thick¬ 
ness  for  PCC  is  multiplied  by  the  thickness  ratios  obtained  from  the 
curve  for  fibrous  concrete  in  Figure  111. 

The  curve  for  fibrous  concrete  is  based  on  the  initial  (first 
crack)  failure  criterion,  with  no  allowance  for  reduced  thickness  with 
high-strength  foundations.  Current  Corps  of  Engineers  criteria  permit  a 
reduction  in  thickness  of  PCC  pavements  on  foundations  which  have  a 
modulus  value  of  300  pci  or  greater.  The  curves  in  Figures  lOU  and  105 
which, are  labeled  for  subgrade  modulus  values  of  300  pci  or  more  reflect 
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the  allowable  thickness  reduction  for  high-strength  foundations.  The 
points  for  item  2  of  the  structural  layers  test  section  plotted  in  Fig¬ 
ure  105  also  reflect  this  reduction.  However,  current  FAA  criteria  for 
unreinforced  concrete  permit  no  reduction  for  high-strength  foundations, 
and,  after  evaluating  the  performance  of  item  2,  it  was  decided  that  such 
a  reduction  would  not  be  in  agreement  with  the  conservative  nature 
desired  in  the  design  criteria.  Therefore,  the  points  plotted  in  Fig¬ 
ure  111  for  item  2  are  based  on  no  reduction  in  thickness  for  high- 
strength  foundations.  These  values  are  presented  in  Table  19. 

Table  19 

Comparative  Performance  Based  on  Initial  Failure  Criterion 
of  Item  2  of  the  Structural  Layers  Teat  Section 


Loading 

Coverage 

Level 

Required 

Percent 

Standard 

Thickness 

Standard 

PCC 

Thickness 

in. 

Required 

PCC 

Thickness 

in. 

Ratio  of 
Required  PCC  to 
Actual  Fibrous 
Concrete  Thickness 

Ratio  of 
Actual  Fibrous 
Concrete  to 
Standard  PCC 
Thickness 

200-kip 

du&l-tandem 

500 

93 

8.3 

7.7 

1.93 

0.U8 

2 1*  O-kip 

dual-tandem 

150 

89 

9.1* 

6.1* 

2.10 

0.1*3 

The  curve  for  fibrous  concrete  in  Figure  111  is  drawn  through  the 
upper  range  of  the  points  obtained  from  the  controlled,  accelerated 
traffic  tests  and  is  parallel  to  the  curve  for  plain  PCC.  It  should  be 
noted  that  the  assigned  definition  of  initial  or  first  crack  failure 
for  the  fibrous  concrete  pavement  was  rather  arbitrary.  For  the  fi¬ 
brous  concrete  items,  initial  failure  was  assigned  when  the  structural 
condition  of  the  pavement  was  assumed  to  be  comparable  to  that  of  plain 
concrete  pavement  when  the  slabs  are  broken  into  two  or  three  pieces 
(definition  of  initial  or  first  crack  failure  of  plain  concrete  pavement). 

Another  factor  which  will  influence  the  criteria  is  the  relation¬ 
ship  between  the  structural  condition  of  the  pavement  and  the  functional 
condition  of  the  pavement.  For  plain  concrete  pavement,  the  relation¬ 
ship  between  structural  failure  and  functional  failure  has  been 
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established  by  field  observations.  For  fibrous  concrete,  it  was  assumed 
that  the  same  relationship  was  valid,  since  only  the  structural  condi¬ 
tion  of  the  fibrous  concrete  in  the  test  sections  could  be  evaluated  and 
related  to  the  comparable  structural  condition  of  plain  concrete  pave¬ 
ment.  An  additional  limitation  of  the  proposed  criteria  is  the  required 
extrapolation  of  the  data  for  coverages  greater  than  about  1000.  It  was 
assumed  that  the  relationship  between  the  performance  of  plain  and 
fibrous  concrete  established  for  coverage  levels  less  than  1000  was 
valid  for  coverage  levels  greater  than  1000.  These  factors  plus  the 
unknown  effects  of  long-term  environmental  factors  on  the  performance  of 
fibrous  concrete  pavement  have  led  to  conservative  assumptions  in  the 
development  of  the  criteria  for  estimating  required  thickness  of  fibrous 
concrete. 

Design  curves  developed  using  the  proposed  criteria  are  presented 
in  Appendix  B.  Curves  for  civil  and  military  aircraft  are  provided  in 
current  FAA  and  Department  of  the  Army  format. 

VERTICAL  DEFLECTION  LIMITATIONS 

Since  thickness  requirements  for  fibrous  concrete  will  be  consid¬ 
erably  less  than  those  for  plain  PCC,  the  pavement  structure  will  be 
more  flexible.  The  deflections  experienced  by  fibrous  concrete  pave¬ 
ments  will  be  greater  than  those  for  equivalent  plain  PCC  pavements  end 
cem  lead  to  failure  of  the  underlying  material.  Criteria  are  proposed 
for  controlling  fibrous  concrete  pavement  deflection.  These  criteria 
are  designed  to  minimize  the  possibility  of  pumping  and  densification  of 
or  shear  in  the  underlying  material  or  loss  of  load  transfer  across 
Joints. 

Elastic  deflections  measured  from  test  sections  reported  by 
oh  L6  li7  1*0 

Grau,  Burns  et  al. ,  ?  ORDL,  Mellinger  et  al.,  and  Ahlvin  et  al. 

were  used  to  establish  limiting  deflections.  These  values  do  not  reflect 
limiting  or  maximum  deflections  which  the  foundation  material  could  have 
withstood.  Rather,  they  indicate  deflections  which  proved  to  be  ac¬ 
ceptable  for  the  entire  pavement  system. 

Only  a  few  data  points  are  available  for  fibrous  concrete.  As  a 
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consequence,  it  was  necessary  to  use  data  from  plain  and  reinforced 
pavement  to  develop  relationships  between  elastic  deflection  and  pave¬ 
ment  performance.  It  was  assumed  that  the  trends  shown  by  the  data  for 
the  plain  and  reinforced  pavements  would  hold  for  fibrous  concrete 
pavement.  As  with  the  limiting  stress  criterion,  it  was  necessary  to 
extrapolate  the  relationships  to  large  coverage  levels  since  most  of  the 
data  from  the  test  section  studies  were  for  less  than  10,000  coverages. 

Measured  values  of  elastic  deflection  are  shown  plotted  in  Fig¬ 
ure  112  versus  the  coverage  level  at  which  the  pavement  for  which  the 
deflection  was  measured  failed.  The  deflections  were  obtained  by  load¬ 
ing  the  pavement  with  the  gear  which  was  used  to  apply  traffic  and 
measuring  the  vertical  deflection  of  the  surface  with  a  rod  and  level, 
or  with  electronic  instruments  for  those  test  items  where  instrumenta¬ 
tion  was  installed.  There  is  a  great  deal  of  scatter  in  the  data  points 
which  is  caused  by  several  factors.  The  most  obvious  is  the  inherent 
scatter  or  variation  associated  with  experimental  measurements  such  as 
these.  Another  i3  that  there  is  probably  no  unique  value  of  deflection 
which  would  be  obtained  for  all  pavements  which  provide  the  same  per¬ 
formance.  Rather,  the  limiting  deflection  would  depend  on  the  composi¬ 
tion  of  the  pavement,  i.e.,  layer  thickness,  material  strength,  etc. 
Therefore,  the  curve  drawn  through  the  points  for  the  plain  and  rein¬ 
forced  concrete  pavement  is  probably  an  approximation  of  a  family  of 
curves. 

The  curve  indicates  that  the  limiting  deflection  becomes  constant 
(0.05  in.)  for  coverage  levels  greater  than  about  30,000.  No  data  are 
available  to  validate  this  trend,  but  it  may  be  argued,  based  on  a 
knowledge  of  material  response  to  load,  that  there  is  a  limiting  cover¬ 
age  level  such  that  if  the  underlying  material  has  experienced  a  certain 
deflection  the  indicated  number  of  times  without  failure  then  it  will 
probably  withstand  an  infinite  number  of  load  applications  without  fail¬ 
ing.  This  limiting  coverage  level  is  probably  less  than  30,000  and  is 
probably  a  function  of  material  type.  As  a  consequence,  for  those  cases 
in  which  the  pavement  is  designed  for  a  large  number  of  coverages,  the 
performance  of  the  pavement  will  be  controlled  exclusively  by  fatigue 
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of  concrete  in  the  slab.  Conversely,  for  lower  coverage  levels,  the 
thickness  of  the  slabs  may  be  such  that  the  response  of  the  underlying 
material  may  significantly  affect  the  performance  of  the  pavement,  i.e., 
performance  of  the  pavement  (and  therefore  the  design)  may  not  be  con¬ 
trolled  exclusively  by  fatigue  of  the  concrete.  Therefore,  the  purpose 
of  the  limiting  deflection  criterion  is  to  insure  that  pavements  designed 
on  the  basis  of  the  limiting  stress  (fatigue)  criterion  will  perform  as 
designed  and  not  fail  prematurely  because  of  factors  not  considered  ip 
the  design. 

The  measured  elastic  deflections  for  the  fibrous  concrete  pave¬ 
ments  are  shown  within  the  shaded  area  in  Figure  112.  It  can  be  seen 
that  the  majority  of  these  deflections  are  larger  than  deflections  for 
comparable  plain  and  reinforced  concrete.  The  curve  through  these 
points  was  drawn  parallel  to  the  curve  for  plain  and  reinforced  concrete 
and  extrapolated  for  coverage  levels  greater  than  1000. 

If  it  were  possible  to  compute  pavement  deflections  accurately, 
the  relationship  between  deflection  and  coverages  shown  in  Figure  112 
could  be  used  directly  in  the  design  procedure.  However,  experience  has 
shown  that  there  are  discrepancies  between  measured  and  computed  values; 
thus,  it  will  be  necessary  to  establish  a  relationship  between  measured 
and  computed  values.  In  order  to  maintain  consistency  between  analyt¬ 
ical  procedures  for  predicting  pavement  response,  elastic  deflections 

38-1+2 

were  computed  based  on  slab  theory  as  proposed  by  Westergaard  from 

1+3  1+1+ 

influence  charts  developed  by  Pickett  et  al.  and  Pickett  and  Ray. 
Elastic  deflections  (interior  load  condition)  for  the  test  pavements 
were  computed  using  measured  slab  and  foundation  properties.  These 
computed  elastic  deflections,  as  well  as  measured  deflections,  are 
plotted  versus  initial  failure  coverage  levels  in  Figure  113.  From  this 
figure,  it  can  be  seen  that  the  computed  defletions  are  all  smaller  than 
the  measured  deflections  but  that  the  same  trend  exists.  The  curve  for 
computed  elastic  deflections  was  drawn  through  the  points  parallel  to 
the  curve  for  measured  elastic  deflections.  This  curve  indicates  that 
the  limiting  deflection  computed  for  the  pavement  becomes  constant 
(0.05  in.)  for  coverage  levels  greater  than  about  30,000.  This 
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relationship  between  elastic  deflection  and  traffic  should  he  used  in 
design  for  limiting  deflections.  The  elastic  deflection  for  pavements 
designed  on  the  basis  of  the  limiting  stress  criterion  should  be  checked 
to  insure  that  it  does  not  exceed  the  limiting  value  determined  from 
Figure  113. 

Curves  for  computing  elastic  slab  deflection  for  civil  and  mili¬ 
tary  aircraft  are  provided  in  Appendix  B.  In  addition,  tables  of  limit¬ 
ing  deflection  obtained  from  Figure  113  are  also  provided.  The  curves 
and  tables  are  in  a  format  which  is  compatible  with  the  format  used  for 
the  design  curves  based  on  limiting  stress. 

JOINT  REQUIREMENTS 

Variations  in  temperature  and  moisture  content  ruuse  volume 
changes  in  fibrous  concrete  Just  as  they  do  in  plain  concrete.  These 
volume  changes  cause  stresses  in  the  concrete  which  can  produce  uncon¬ 
trolled  cracking  in  the  pavement' if  the  pavement  is  not  properly  jointed. 
In  addition,  construction  joints  will  occur  as  a  result  of  construction 
operations. 

As  a  result  of  the  increased  tensile  strength  of  fibrous  con¬ 
crete,  it  may  be  possible  to  increase  Joint  spacing,  thereby  reducing 
the  number  of  joints  and  the  problems  associated  with  joints.  It  is 
recommended  that  the  minimum  spacing  of  longitudinal  Joints  be  increased 
to  25  ft  for  all  slab  thicknesses.  This  spacing  will  eliminate  the  need 
for  constructing  hinged  or  dummy  contraction  joints  in  the  center  of 
25-ft  paving  lanes. 

In  order  to  provide  adequate  load  transfer  across  longitudinal 
construction  joints  and  to  protect  the  underlying  material  against  pre¬ 
mature  failure,  it  is  recommended  that  longitudinal  construction  joints 
be  either  keyed-and-tied,  doweled,  or  thickened  edge  with  a  key.  The 

dimensions  of  the  key  and  thickened  edge  should  be  as  recommended  in  FAA 

26 

Advisory  Circular  AC  150/5320-6A,  Department  of  the  Army  Technical 
Manual  TM  5-823“ 3,  ^  or  TM  5“Q2U-3,'^  except  that  the  dimensions  of  the 
key  should  be  based  upon  the  thickness  of  the  thickened  edge.  Because 
of  construction  problems  that  are  associated  with  placement  of  dowels  in 
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longitudinal  construction  joints  during  slip-form  paving  and  with 
shaping  stabilized  materials  to  form  the  thickened  edge,  the  keyed-and- 
tied  joint  appears  to  be  the  most  satisfactory.  However,  some  freedom 
of  movement  must  be  provided.  It  is  recommended  that  a  maximum  pavement 
width  of  100  ft  be  tied  together.  For  taxiways,  which  are  usually  con¬ 
structed  in  three  or  four  25-ft-wide  lanes,  all  joints  may  be  tied.  For 
runways,  which  are  usually  constructed  in  six  or  eight  25-ft-wide  lanes, 
the  four  center  lanes  may  be  tied  together  with  the  outside  joints  either 
doweled  or  thickened  edge  with  a  key.  For  apron  pavements  constructed 
in  25-ft-wide  lanes,  the  jointing  layout  will  have  three  adjacent  joints 
keyed-and-tied  with  every  fourth  joint  either  doweled  or  thickened  edge 
with  a  key. 

Transverse  joint  spacing  may  also  be  increased  for  fibrous  con¬ 
crete  without  resulting  in  cracking  caused  by  volume  change  in  concrete. 
Experimental  placements  (Placement  5>  Appendix  A,  and  the  WES  roadway) 
indicate  that  lengths  of  around  100  ft  can  be  attained  with  l+-in.  -thick 
slabs.  These  placements  also  indicate  that  openings  proportional  to  the 
slab  lengths  will  occur  at  transverse  cricks  or  joints  and  that  for  100- 
ft-long  slabs  these  can  be  considerable.  Because  of  the  large  movements 
which  will  occur  for  100-ft-long  slabs,  a  maximum  transverse  joint 
spacing  of  50  ft  is  recommended.  For  slabs  greater  than  6  in.  in  thick¬ 
ness,  the  spacing  may  be  increased,  but  special  precautions  should  be 
taken  to  insure  adequate  load  transfer  and  proper  sealing.  It  is  recom¬ 
mended  that  dowels  and  preformed  compression  seals  be  provided  at  all 
transverse  joints  where  the  joint  spacing  is  greater  than  50  ft. 

OVERLAY  DESIGN 

Requirements  for  an  adequate  evaluation  of  the  existing  pavement 
for  conventional  plain  and  reinforced  overlays  are  also  applicable  for 
fibrous  concrete  overlays.  Currently  used  procedures  for  preparing  the 
surface  of  the  old  pavement  are  applicable  for  fibrous  concrete.  For 
overlays  that  are  designed  to  restore  the  load-carrying  capacity  of 
existing  pavements  in  poor  structural  condition  or  to  increase  the 
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load-carrying  capacity  of  existing  pavements  "by  providing  additional 
thickness,  the  minimum  recommended  thickness  is  1*  in. 

THICKNESS  REQUIREMENTS 

Procedures  are  provided  for  determining  thickness  requirements 
for  fibrous  concrete  overlays  of  flexible  pavement  and  partially  bonded 
or  unbonded  overlays  of  rigid  pavement.  While  only  partially  bonded 
overlays  have  been  tested,  the  procedure  for  unbonded  overlays  was  ex¬ 
trapolated  from  this  procedure  by  assuming  that  the  performance  of  an 
unbonded  fibrous  concrete  overlay  will  be  similar  to  the  performance  of 
an  unbonded  plain  concrete  overlay. 

It  is  recommended  that  fibrous  concrete  overlays  of  flexible 
pavement  be  designed  as  a  slab  on  grade  by  considering  the  flexible 
pavement  as  a  base  course.  The  maximum  value  to  be  used  as  the  design 
subgrade  modulus  should  not  exceed  500  pci. 

The  thickness  of  partially  bonded  overlays  of  rigid  pavement  will 
be  determined  from  the  equation 


where 


hQ  =  required  thickness  of  the  fibrous  concrete  overlay,  in. 

h  =  .required  thickness  of  an  equivalent  single  slab  of  plain 
(  concrete  having  a  flexural  strength  equal  to  the  flexural 
strength  of  the  fibrous  concrete  used  for  the  overlay,  in. 

h„  =  required  thickness  of  an  equivalent  single  slab  of  plain 
concrete  having  a  flexural  strength  equal  to  the  flexural 
strength  of  the  concrete  in  the  existing  pavement,  in. 

h  =  thickness  of  the  existing  pavement,  in. 

C  =  coefficient  describing  the  condition  of  the  existing  pave¬ 
ment  as  presented  in  AC  150/5320-6B  or  TM  5-823-3 

It  is  recommended  that  the  thickness  of  unbonded  overlays  be 


determined  from  the  equation 


where  the  variables  are  as  identified  above.  The  factor  0.75  in  Equa¬ 
tions  5  and  6  reflects  the  differences  between  thickness  requirements 
for  plain  and  fibrous  concrete  pavement  as  indicated  by  the  vertical 
distance  between  the  curves  in  Figure  111. 

JOINT  REQUIREMENTS 

Joints  in  partially  bonded  fibrous  concrete  overlays  should  coin¬ 
cide  with  joints  in  the  base  pavement;  however,  when  the  transverse  con¬ 
traction  joint  spacing  in  the  base  pavement  is  15  ft  or  less,  every 
other  joint  in  the  overlay  may  be  eliminated.  It  is  not  necessary  for 
joints  to  be  over  similar  joints.  Longitudinal  contraction  Joints  in 
the  base  pavement  may  be  spanned,  in  partially  bonded  overlays.  Longi¬ 
tudinal  construction  joints  in  partially  bonded  overlays  should  be 
matched  with  longitudinal  construction  joints  in  the  base  pavement. 

For  unbonded  overlays,  it  is  likewise  unnecessary  for  the  Joints 
to  coincide  with  joints  in  the  base  pavement.  Longitudinal  construction 
joints  in  unbonded  fibrous  concrete  overlays  should  be  either  doweled  or 
keyed-and-tied.  Longitudinal  construction  Joints  in  partially  bonded 
overlays  should  be  doweled. 
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RECOMMENDED  CONSTRUCTION  PRACTICES 


The  addition  of  fibers  to  concrete  complicates  the  selection  of 
a  mix  design.  It  is  recommended  that  a  rather  extensive  mix  design  be 
carried  out  using  available  materials  in  order  to  select  a  mix  that  vill 
be  economical,  workable,  and  provide  the  required  strength  and  durability. 
Guidelines  for  mix  selection  are  outlined  in  the  following  section. 

The  addition  of  fibers  to  the  concrete  also  requires  some  changes 
in  batching,  mixing,  and  placing  procedures.  The  major  differences  will 
be  in  batching  and  mixing  because  the  shape  of  the  fibers  requires  that 
they  be  handled  differently  than  aggregate,  cement,  or  water  because  of 
the  tendency  of  the  fibers  to  form  into  balls.  In  the  following  para¬ 
graphs,  batching,  mixing,  and  placing  procedures  will  be  discussed. 

MIX  DESIGN  CONSIDERATIONS 

The  large  surface  area  to  volume  ratio  of  the  steel  fibers  re¬ 
quires  an  increase  in  the  paste  necessary  to  insure  that  the  fibers  and 
aggregate  are  coated.  The  shape  of  the  fibers  also  requires  an  increase 
in  the  paste  necessary  to  insure  that  the  fibers  are  properly  dispersed 
in  order  to  avoid  harsh  mixes  which  are  difficult  to  place.  Cement  con¬ 
tents  from  550  to  950  lb  per  cubic  yard  have  been  used  with  water-cement 
ratios  between  0.4  and  0.6,  as  reported  in  an  American  Concrete  Institute 
state-of-the-art  paper . ^ 

The  size,  type,  and  volume  of  fibers  will  influence  other  param¬ 
eters  in  the  mix.  The  following  are  two  general  rules  regarding  the  in¬ 
fluence  of  fibers: 

a.  An  increase  in  fiber  content  results  in  increased  strength 
and  decreased  workability.  Experience  has  shown  that  fiber 
contents  in  excess  of  2  oercent  by  volume  are  difficult  to 
mix. 51 

b.  An  increased  fiber  aspect  ratio  (length  to  diameter  or 
equivalent  diameter)  results  in  increased  strength  and 
decreased  workability.  For  proper  mixing,  the  maximum 
aspect  ratio  should  be  about  100. ^ 

There  are  presently  only  a  few  sizes  of  fiber  commercially  avail¬ 
able.  Therefore,  the  usual  procedure  is  to  select  a  type  of  fiber  and 
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then  trade  off  strength  for  economy  and  workability.  The  most  commonly 
used  fibers  are  1  in.  long  and  either  have  a  round  cross  section 
(0.0l6  in.  in  diameter),  as  shown  in  Figure  22,  or  are  rectangular  in 
cross  section  (0.010  by  0.022  in.),  as  shown  in  Figure  29.  A  0. 025-in. - 
diam  by  2-1/2-in. -long  round  fiber  has  had  limited  use,  as  have  some  of 
the  more  exotic  types  shown  in  Figure  48. 

In  addition  to  variations  in  fiber  type,  there  are  several  other 
parameters  which  are  unusual  for  fibrous  concrete  and  can  be  varied  in 
a  mix  design.  The  procedure  for  optimizing  a  fibrous  concrete  mix  for 
preselected  material  is  similar  to  that  used  for  conventional  concrete. 

A  trial  mix  is  selected  based  on  experience,  and  then  the  constituents 
are  adjusted  to  produce  the  desired  properties.  Typical  mixes  which 
have  been  used  are  shown  in  Table  20.  Some  of  the  other  parameters  are 
as  follows: 

a.  For  pavement  applications,  maximum-size  coarse  aggregate  has 
varied  between  3/8  and  3/4  in. ,  with  the  3/8-in.  size  used 
predominately. 

b.  The  percentage  of  coarse  aggregate  (of  the  total  aggregate 
content)  can  be  varied.  The  percentage  has  been  varied  from 
25  to  60  percent  for  pavement  application. 

c_.  The  composition  of  the  cementitious  constituent  can  be  varied. 
Specifically,  fly  ash  or  other  pozzolans  can  be  substituted 
for  Portland  cement.  The  substitution  of  a  pozzolan  decreases 
the  rate  of  strength  gain  and  may  increase  workability. 

d.  Admixtures  for  air  entrainment,  water  reduction,  and  set  con¬ 
trol  have  been  used  for  fibrous  concrete,  and  conventional 
procedures  regarding  their  use  should  be  followed. 

The  procedures  and  typical  values  outlined  above  should  be  con¬ 
sidered  only  as  guidelines,  and  before  any  construction  is  started,  a 
thorough  mix  design  survey  should  be  conducted  with  available  material 
in  order  to  select  a  workable  mix  which  will  yield  the  required  strength. 
It  is  recommended  that  a  flexural  strength  be  selected  not  greater  than 
1000  psi  at  90  days  measured  according  to  ASTM  C  78-64. ^  Higher 
strengths  are  readily  attainable,  but  placement  of  such  mixes  will 
usually  be  difficult.  The  1000-psi  maximum  value  can  usually  be 
attained  with  mixes  that  can  be  placed  with  conventional  equipment  and 
procedures . 
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Table  20 

Typical  Fibrous  Concrete  Mixes 


Material 


Saturated  Surface 
Dry  Batch  Weight 
lb 


Mix  I 


Cement  (type  l) 

Fine  aggregate  (natural  sand) 

Coarse  aggregate  (3/8-in.  maximum- size  natural 
peagravel) 

Fibers  (round,  1  in.  long  by  16  mils  in  diameter) 
Water 

Air -entraining  agent  {5%  air) 


Mix  II 


Cement  (type  l) 

Fly  ash 

Fine  aggregate  (natural  sand) 

Coarse  aggregate  (3/4-in.  maximum-size  crushed 
limestone) 

Fibers  (rectangular,  1  in.  by  10  by  22  mils) 
Water 

Air-entraining  agent  (4#  air) 

Set-retarding  admixture 


Mix  III 


Cement  (l  -  P) 

Fine  aggregate  (natural  sand) 

Coarse  aggregate  (3/8-in.  maximum-size  natural 
peagravel) 

Fibers 

Water 

Air-entraining  agent  (5$  air) 


846 

1700  (70%) 

728  (3056) 
250  (2%) 
390 


517 

225 

1525  (55*) 

1200  (  4556) 

200  (1-1/2*) 
275 


822 

1593  (60*) 

1014  (4055) 
115  (136) 
325 


Mix  I  resulted  in  slumps  of  about  4  in.  and  was  used  for  manually 
constructed  test  pavements. 

Mix  II  resulted  in  slumps  of  about  2  in.  and  was  used  for  slip-formed 
4-  and  6-in. -thick  overlays. 

Mix  III  resulted  in  slumps  of  about  4  in.  and  was  . jod  fo.-  manually 
constructed  test  pavements. 
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BATCHING 


Bulk-handling  techniques  for  introducing  the  fibers  during  the 
batching  operation  have  not  been  developed.  Fiber  and  equipment  manu¬ 
facturers  are  currently  developing  equipment  and  techniques  for  shipping 
and  handling  large  quantities  of  fibers.  The  extent  of  this  development 
will  depend  on  the  large-scale  application  of  fibrous  concrete,  and  vice 
versa  the  use  of  large  quantities  of  fibrous  concrete  will  depend  on  the 
ability  to  efficiently  handle  large  volumes  of  fibers. 

Manual  procedures  have  been  used  for  introducing  the  fibers  into 
the  batching  operation.  Fibers  are  presently  shipped  in  1-cu-ft  boxes 
containing  from  40  to  80  lb  of  fiber.  This  method  is  not  an  efficient 
way  to  ship  the  fibers  since  a  cubic  foot  of  steel  weighs  about  490  lb. 
With  this  packaging  procedure,  additional  labor  is  required  for  handling 
because  oi  the  wasted  space.  However,  the  need  for  weighing  is  elimi¬ 
nated  and  not  as  much  effort  is  required  to  dispense  the  fibers  as  would 
be  required  if  they  were  packed  more  efficiently. 

In  the  batching  operation,  fibers  are  generally  handled  as  aggre¬ 
gate,  but  care  must  be  taken  when  the  fibers  are  required  to  pass  through 
a  constriction  since  they  have  a  tendency  to  bridge  over  an  opening  and 
stop  the  flow.  Efforts  should  also  be  made  tc  disperse  the  fibers  as 
much  as  possible  and  to  achieve  as  much  preblending  of  the  fibers  with 
the  aggregate  as  possible  prior  to  mixing. 

Several  procedures  have  been  used  successfully  for  ready-mix  op¬ 
erations.  The  most  successful  method  has  been  to  dump  the  fibers  onto  a 
belt  or  through  a  chute  carrying  the  aggregate  to  the  mixing  drum.  With 
this  procedure,  the  fibers  and  aggregate  are  preblended  before  entering 
the  mixing  drum,  and  this  preblending  helps  to  minimize  balling.  Then, 
cement  and  water  are  added  after  the  fibers  and  aggregate  have  been 
charged.  Another  procedure  that  has  been  used  is  the  introduction  of 
the  aggregate  into  the  mixing  drum  followed  by  the  introduction  of  the 
fibers  and  then  the  cement  and  water.  When  introducing  the  fibers,  an 
effort  should  be  made  to  achieve  as  much  dispersal  as  possible. 

For  control  batch  operations,  the  most  successful  method  that  has 
been  used  is  that  of  feeding  the  fibers  qnto  a  belt  that  deposits  the 
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fibers  onto  the  charging  belt  of  the  control-mix  plant.  A  number  of 
methods  for  placing  the  fibers  onto  the  first  belt  have  been  tried.  The 
most  successful  has  been  to  manually  dump  the  fibers  directly  onto  the 
belt.  The  vibrating  screen  used  during  the  construction  of  the  overlays 
in  Greene  County,  Iowa  (Placement  9,  Appendix  A),  dispersed  the  fibers 
as  they  dropped  onto  the  belt.  As  with  ready -mix  operations,  regulation 
of  the  flow  of  the  aggregate  so  that  the  fibers  and  aggregate  are  pre¬ 
blended  before  entering  the  mixing  drum  minimizes  the  formation  of  fiber 
balls . 

MIXING 

Mixing  action  should  be  as  vigorous  as  possible  to  break  up  any 
balls  or  clumps  of  fibers.  Mixing  time  requirements  are  essentially  the 
same  for  fibrous  as  for  plain  concrete,  but  overmixing  should  be  avoided 
since  the  fibers  tend  to  ball  up  and  the  balls  tend  to  grow  as  mixing  is 
continued.  When  transit-mix  trucks  are  used,  special  precautions  should 
be  taken  to  prevent  overmixing. 

PLACING 

Fibrous  concrete  can  be  placed  with  conventional  paving  equipment 
Hand  methods,  bridge-deck  machines,  form-riding  pavers,  and  slip-form 
pavers  have  been  successfully  used  to  place  fibrous  concrete  pavement. 
Because  of  the  harshness  of  fibrous  concrete,  it  is  more  difficult  to 
handle.  This  characteristic  leads  to  the  tendency  to  increase  the  water 
content  in  order  to  make  the  concrete  easier  to  handle.  However,  as 
with  plain  concrete,  the  water  content  should  be  kept  as  low  as  possible 
kith  central -mix  facilities  and  modern  slip-form  paving  trains,  fibrous 
concrete  with  slumps  as  low  as  1  in.  has  been  placed  successfully  in 
thicknesses  as  small  as  1*  in.  Slabs  2  and  3  in.  thick  have  been  suc¬ 
cessfully  placed  with  clip-form  pavers,  but  these  placements  have  con¬ 
sisted  of  higher  slump  concrete.  Thin  slabs  (2  to  3  in.  thick)  have 
been  placed  with  manual  procedures  and  bridge-deck  finishing  machines. 
For  these  placements,  concrete  with  slumps  ranging  from  3  to  6  in.  has 
been  used.  The  slump  required  for  proper  placement  will  depend  on  the 
slab  thickness  and  the  equipment  used.  Thin  slabs  placed  with  manual 
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procedures  will  require  higher  slump  concrete  than  thicker  slabs  placed 
with  modern  paving  equipment.  The  equipment  used  for  transporting  and 
spreading  the  concrete  will  affect  the  slump  required. 

When  transit-mix  trucks  are  used,  it  will  be  necessary  to  use  con¬ 
crete  with  at  least  a  3-in.  slump  for  proper  discharge.  Because  of  the 
harshness  of  fibrous  concrete,  it  is  difficult  and  sometimes  impossible 
to  discharge  fibrous  concrete  with  slumps  less  than  about  3  in.  When 
mechanical  spreaders  are  used,  lower  slump  concrete  can  be  used  than  is 
possible  when  manual  techniques  are  used. 

For  pavements  thinner  than  4  in.  and  relatively  high-slump  con¬ 
crete,  surface  vibration  is  all  that  is  necessary  for  proper  placement. 
However,  for  thicker  sections  and  low-slump  concrete,  internal  vibration 
is  recommended. 

The  surface  of  fibrous  concrete  pavement  can  be  finished  with 
conventional  techniques.  Because  of  the  high  cement  content,  the  sur¬ 
face  usually  finishes  easily.  No  problems  have  been  encountered  in 
finishing  fibrous  concrete  that  can  be  attributed  to  the  presence  of  the 
fibers.  A  burlap  drag  cannot  be  used  for  surface  texturing  since  the 
fibers  stick  in  the  burlap  and  cause  tearing  of  the  surface.  Transverse 
texturing  with  a  stiff  bristle  brush  or  a  wire  comb  has  been  successful. 
The  presence  of  the  fibers  cause  no  problems  and  the  resulting  texture 
appears  to  be  no  different  from  that  obtained  for  plain  concrete. 

The  sawing  of  grooves  should  not  present  any  problems.  Grooving 
has  not  been  tried  on  any  of  the  installations  placed  thus  far,  but  no 
difficulties  have  been  encountered  in  sawing  joints. 
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CONCLUSIONS  AND  RECOMMENDATIONS 


Conclusions  regarding  the  use  of  fibrous  concrete  for  airport 
pavements  are  summarized  as  follows: 

a.  Fibrous  concrete  pavements  will  perform  better  than  comparable 
plain  concrete  pavements  having  identical  thicknesses,  foun¬ 
dation  conditions,  and  concrete  flexural  strengths. 

]i.  Fibrous  concrete  can  be  produced  and  placed  with  conventional 
batching,  mixing,  and  paving  equipment  and  techniques.  Bulk¬ 
handling  of  fibers  and  a  mechanical  system  for  introducing 
the  fibers  during  batching  operations  will  be  required  to 
produce  fibrous  concrete  in  sufficient  quantities  for  large 
airport  paving  jobs. 

c. .  The  recommended  design  criteria  are  based  on  limited  per¬ 

formance  data.  In  addition,  the  analysis  of  the  data  is 
based  on  several  rather  arbitrary,  though  conservative,  de¬ 
cisions  and  assumptions.  As  a  result,  the  criteria  should  be 
considered  as  tentative  and  subject  to  change  as  additional 
performance  data  are  accumulated. 

d.  The  use  of  fibrous  concrete  will  result  in  thinner  pavements 
and  will  offer  an  alternative  design  that  has  several  advan¬ 
tages  over  conventional  construction,  especially  for  areas 

in  which  high-quality  construction  materials  are  scarce  or  in 
situations  in  which  control  of  the  pavement  grade  is  critical. 

In  order  to  improve  the  reliability  of  the  proposed  criteria,  it 
is  recommended  that  the  following  areas  receive  further  study: 

a.  Additional  performance  data  are  needed.  In  particular,  per¬ 
formance  data  for  overlays  of  flexible  pavement  and  for  un¬ 
bonded  and  partially  bonded  overlays  are  needed. 

b_.  Additional  data  are  needed  to  substantiate  and/or  modify 
proposed  limiting  deflection  requirements. 

c_.  Additional  information  on  permissible  Joint  spacing  and 

types  of  load-transfer  mechanisms  is  needed  for  large  joint 
openings  and  thin  slabs. 

d.  Additional  data  are  needed  to  determine  the  effects  of  cor¬ 
rosion  of  fibers  on  pavement  performance. 

£.  A  mix  design  study  is  needed  in  order  to  establish  more 

specific  guidelines  for  selecting  a  workable  mix  which  will 
produce  the  desired  properties . 

£.  The  feasibility  of  using  thin  fibrous  overlays  for  resur¬ 
facing  should  be  investigated. 
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NOTE:  P  IS  THE  VOLUMETRIC  PERCENTAGE  OF  E~i£EL  FIBERS 


FLEXURAL  STRENGTH. 


r»TVii 


PLAIN  CONCRETE 


0  0.02  0.04  0.06  0.08 

DEFLECTION  AT  CENTER  LINE  OF  BEAM,  IN. 


Figure  9.  Typical  load-deflection  curves  for  a  fibrous  concrete 
beam  and  a  plain  concrete  beam 
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Core  from  an  uncracked  area 


b.  Core  taken  at  a  crack 


Figure  12.  Cores  taken  from  a 
fibrous  concrete  slab  at  ORDL 
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Early  cracking  of  a  6-in.  fibrous 


Figure  14.  Early  cracking  of  a  4-in.  fibrous  concrete  slab  on 
a  cement-treated  gravel  base 
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Figure  l6.  Severely  spalled  crack  in  a  plain  concrete  test 
pavement  at  complete  failure 
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Reproduced  from 


Finished  surface  of  the  subgrade  (item  5) 


Finished  surface  of  the  sand  filter  course  (item  5) 
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2k.  Vibration  of  fibrous  concrete  with  a  surface  vibrator 


Figure  25.  Finishing  the  surface  of  a  fibrous  concrete  slab 


Figure  28.  Item  3  prior  to  placement  of  the  U-in.  fibrous 
concrete  overlay 


Rectangular  1-in. -long  steel  fibers,  0.010  by 
in  cross  section 
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best  available  co 


Emptying  fibers  onto  a  conveyor 


38.  Slip- form  paver  placing  a  6- in.  overlay 


■— 1 1  ™ 

W  0 

1 &M 

- 

•  1 

JA  i, , 

T 

m  | 

m-^-ci 

Eg  ;*  j.  g 

1  ™ 

.<s-a. 

SEW* 


Reproduced  from 
best  available  co 


Cement  ready  for 


Finished  surface  of  the  cement 


DEFORMED  FIBERS 
1.016"  DIAM,  3/4"  LONG 


FLAT  FIBERS 
O.Olu"  X  0.014",  3/4"  LONG 


ROUND  FIBERS 
0.016"  DIAM,  1"  LONG 
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Finished  edge 


Figure  5^-*  Finished  pavement 


Figure  55.  Item  5  prior  to  initiation  of  traffic 
with  360-kip,  12-wheel  assembly 


Figure  56.  Item  5  after  ll*U  coverages  of 
360-kip,  12-wheel  assembly 
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Figure  57.  Item  5  after  504  coverages  of 
360-kip,  12-wheel  assembly 


Figure  58.  Item  5  after  1328  coverages  of 
360-kip,  12-wheel  assembly 


Figure  59*  Item  5  after  2' 
360-kip,  12-wheel  assembly 


Figure  60.  Item  5  after  3200  coverages  of 
360-kip,  12-wheel  assembly 
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Figure  6l.  Item  5  after  1+176  coverages  of 
360-kip,  12-wheel  assembly 


Figure  62.  Item  5  after  4512  coverages  of 
360-kip,  12- wheel  assembly 
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Figure  64.  Item  5  after  35  coverages  of 
l66-kip,  dual-tandem  assembly 


Fieure  65.  Item  5  after  130  coverage. 

166-kiD,  dual-tandem  assembly 


Item  5  after  170  coverages 
dual-tandem  assembly 


Figure  < 
l66-kip 


Figure  68.  Item  3  overlay  prior  to  initiation  of  traffic  with 
360-kip,  12-wheel  assembly 
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Reproduced  from 
best  available  copy. 


Figure  71  •  Item  3  overlay  after  3181*  coverages  of 
360-kip,  12-wheel  assembly 


Figure  72.  Item  3  overlay  after  5021*  coverages  of 
360-kip,  12-wheel  assembly 


Figure  7^-  Item  3  overlay  afi 
1 66-kip,  dual -tandem  assembly 
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Figure  75.  Item  3  overlay  after  260  coverages  of 
2 it 0-kip,  dual-tandem  assembly 


Figure  76.  Item  3  overlay  after  420  coverages  of 
240-kip,  dual-tandem  assembly 


Figure  77.  Item  1  prior  to  initiation  of  traffic  with 
200-kip,  dual -tandem  assembly 


Figure  78.  Item  1  after  200  coverages  of  200-kip,  dual-tandem 
assembly 
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Figure  79.  Item  1  after  1000  coverages  of  200-kip,  dual-tandem 
assembly 


Figure  80.  Item  1  after  1770  coverages  of  200-kip,  dual-tandem 
assembly 
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dual-tandem 


Figure  82.  Item  1  prior  to  initiation  of 
dual-tandem  assembly 


Reproduced  From 


best  available  copy. 


Figure  83.  Item  1  after  200  coverages  of  240-kip,  dual-tandem 
assembly 


Figure  84.  Item  1  after  1010  coverages  of  24 0-kip,  dual-tandem 
assembly 
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Figure  85.  Item  2  prior  to  initiation  of  traffic  with  200-kip 
dual-tandem  assembly 


Figure  86,  Item  2  after  200  coverages  of  200-kip,  dual-tandem 
assembly 


Figure  90.  Item  2  prior  to  initiation  of  traffic  with  2U0-kip 
dual-tandem  assembly 
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Figure  92 
assembly 
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Figure  100.  Comparative  performance  of  item  5  of  the  keyed  longitudinal 
.Ioint  test  section 
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Figure  106.  Pavement  performance  as  a  function  of  deflection 
for  the  structural  layers  test  section 
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Figure  113-  Limiting  deflection  criterion  for  fibrous  concrete  pavement 


APPENDIX  A:  FIBROUS  CONCRETE  PAVEMENT  PLACEMENTS 


PLACEMENT  1 

Location:  Ohio  River  Division  Laboratories,  Cincinnati,  Ohio 

Date  Placed:  August  1967 

Type  of  Facility:  Parking  lot  slab  (on  grade) 

Size:  120  by  10  ft  by  6  in. 

Type  of  Joints:  None 

Type  of  Fiber:  Various  steel  fibers 

Mix  Design:  Not  available 

Remarks :  Crack  developed  at  midslab  on  the  day  placed  and  opened 
up  3/8  to  1/2  in.  wide.  Cores  taken  on  20  April  1972  revealed  that 
crack  had  developed  at  essentially  an  unplanned  cold  joint.  Fibers  at 
crack  were  completely  deteriorated.  Fibers  in  sound  concrete  showed  no 
corrosion. 

PLACEMENT  2  (Reported  by  Luke52) 

Location:  Niles,  Mich. 

Date  Placed:  September  1968 

Type  of  Facility:  Left  lane  of  entry  road,  to  industrial  plant 
(on  grade) 

Size:  70  by  12  ft  by  k  in. 

Type  of  Joints:  None 

Type  of  Fiber:  3/H-  by  0.012-in.  round  fibers  and  3A-  by  0.010- 
by  0.020-in.  rectangular  fibers 

Mix  Design:  Not  available 

Remarks :  Direct  comparison  was  possible  with  7-1/2- in. -thick 
mesh-reinforced  pavement  in  right  lane.  Mesh-reinforced  pavement  devel¬ 
oped  three  full- width  transverse  cracks  after  3  years  of  moderate  truck 
traffic.  Mesh-reinforced  pavement  was  supposedly  designed  for  a  probable 
projected  number  of  axles  during  a  design  life  (numbers  not  available) 
to  meet  standard  highway  road  construction  specifications  (assumed  to  be 
Michigan  specifications). 

PLACEMENT  3 

Location:  Lockbourne  Air  Force  Base,  Ohio 
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Date  Placed:  July  1970 

Type  of  Facility:  Slab  1  on  parking  apron  (on  grade);  slab  2  on 
taxi way  (on  grade) 

Size:  Slab  1  -  35  by  46  ft  by  6  in.  with  4-  by  5-in.  leave-out 
in  center;  Slab  2  -  5  by  22  ft  by  6  in.  (Note:  Dimensions  of  slabs, 
especially  thicknesses,  may  not  be  exactly  correct) 

Type  of  Joints:  None 

Type  of  Fiber:  1-in.  by  10-  by  22-mil  rectangular  fibers 
Mix  Design:  180  lb  of  fiber  per  cubic  yard;  752  lb  of  cement  per 
cubic  yard;  3/8-in.  maximum-size  aggregate;  0.47  water-cement  ratio; 
3-in.  slump;  and  7  percent  entrained  air  content 

Remarks :  Information  on  slabs  was  rather  sketchy.  Slabs  were 
6  in.  thick  constructed  over  9  in.  of  a  4-bag,  lean-mix  concrete  end 
granular  base  course.  The  6-in.  fibrous  concrete  slabs  and  9-in.  lean- 
mix  concrete  were  separated  by  4-mil  polyethylene  sheeting.  Cracks 
developed  at  corner  of  leave-out  in  Slab  1  but  were  arrested  by 

fibers  at  about  3  to  4  ft  from  corners.  Without  fibers,  cracks  would 
have  propagated  to  free  edge.  There  was  no  distress  in  Slab  2,  but  a 
25-  by  12- ft  by  15-in.  plain  concrete  slab  adjacent  to  Slab  2  had  devel¬ 
oped  a  longitudinal  crack  and  a  number  of  short  transverse  cracks. 
PLACEMENT  4  (Reported  by  Luke52) 

Location:  Detroit,  Mich. 

Date  Placed:  July  1971 

Type  of  Facility:  Aircraft  parking  apron  slab  (on  grade) 

Size:  20  by  30  ft  by  8  in.  with  leave-out  for  a  drain  box 
(size  and  shape  unknown) 

Type  of  Joints:  None 

Type  of  Fiber :  1-  by  0.0l6-in.  round  fibers 

Mix  Design:  Not  available 

Remarks :  Adjacent  slabs  were  12  in.  thick.  Base  was  built  up 
for  8-in.  fibrous  slab.  Fibrous  slab  was  tied  to  adjacent  slabs  with 
deformed  rebars  installed  by  drilling  and  grouting  in  adjacent  slabs. 
Slab  was  reported  to  be  in  satisfactory  condition,  but  no  details  were 
available . 
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placement  5 


Location:  Ashland,  Ohio 
Date  Placed:  August  1971 

Type  of  Facility:  Entrance  to  truck  weigh  station  (on  grade) 

Size:  500  by  l6  ft  by  4  in. 

Type  of  Joints:  None 

Type  of  Fiber:  1-  by  0.01-  by  0.022-in.  rectangular  fibers 
Mix  Design:  26.5  lb  of  fiber  per  cubic  yard;  9  bags  of  cement 
per  cubic  yard;  3/8-in.  maximum-size  aggregate;  30  percent  coarse  aggre¬ 
gate  and  70  percent  fine  aggregate;  0.56  water-cement  ratio;  high  slumps 
(greater  than  5  in.  in  some  batches)  with  considerable  variation;  high 
air  content  with  considerable  variation 

Remarks :  Slab  was  placed  on  a  5-in.  asphaltic  concrete  base. 

Ends  were  tapered  to  9  in.  over  a  7-ft  length.  Doweled  expansion  joints 
were  installed  at  either  end.  Slab  cracked  at  midslab  on  first  day. 
Second  crack  developed  approximately  90  ft  from  north  end  in  Decem¬ 
ber  1971  •  Both  cracks  appeared  to  be  about  3/8  to  1/2  in.  wide. 

PLACEMENT  6 

Location:  Champaign,  Ill. 

Date  Placed:  November  1971 
Type  of  Facility:  Sidewalk 
Size:  1140  by  6  ft  by  2-3/4  in. 

Type  of  Joints:  One  transverse  construction  joint-butt  joint  with 
no  seal 

Type  of  Fiber:  1-  by  0.01-  by  0.022-in.  rectangular  fibers 
Mix  Design:  200  lb  of  fiber  per  cubic  yard;  5-1/3  bags  of 
cement  per  cubic  yard;  225  lb  of  fly  ash  per  cubic  yard;  3/8-in.  maximum- 
size  aggregate;  0.54  water-ceruent  ratio;  4-in.  slump;  and  6  percent  en¬ 
trained  air  content 

Remarks :  Sidewalk  wus  placed  on  graded  natural  soil  with  a  thin 
sand  layer.  Construction  joint  opened  up  about  1/2  in.  Two  additional 
cracks  have  formed,  hut  their  exact  locations  are  not  known. 

PLACEMENT  7  (Reported  in  ACPA  Newsletter,  October  197253) 

Location:  Cedar  Rapids ,  Iowa 
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Date  Placed:  Septeniber-October  1972 

Section  1:  Overlay  of  residential  street;  175  by  28  ft  by  3  in.; 
old  pavement,  jointed  reinforced  concrete  pavement;  no  joints;  1-  by 
0.0l6-in.  round  fibers 

Section  2:  Overlay  of  residential  street;  200  by  24  ft  by 
2-1/2  in.;  old  pavement,  asphaltic  concrete;  no  joints;  1-  by  0.0l6-in. 
round  fibers 

Section  3:  Overlay  of  viaduct;  152  by  11  ft  by  3  in.;  placed  on 
2  sheets  of  polyethylene  attached  to  wooden  decking  of  viaduct;  doweled 
expansion  joints  placed  at  either  end  between  152-ft-long  section  and  a 
12-  by  11- ft  by  3-in.  fiber-reinforced  concrete  slab;  2-1/2-  by  0.025-in. 
round  fibers 

Section  4 ;  Overlay  of  airfield  taxi way;  95  by  75  ft  by  3  to  1  in.; 
old  pavement,  jointed  plain  concrete  pavement;  longitudinal  butt-type 
construction  joint  divided  section  into  two  95-  by  37-1/2-ft  slabs; 

1-  by  0.0l6-in.  fibers  used  in  one  slab,  and  2-1/2-  by  0.025-in.  round 
'iberf'  in  the  otuer 

Mix  Design:  Varied  with  type  and  quantity  of  fiber  used;  all 
concrete  contained  9  bags  of  cement  per  cubic  yard;  3/8- in.  maximum- 
size  aggregate;  75  percent  coarse  aggregate  and  25  percent  fine 
aggregate 

Remarks:  Section  4  was  inspected  on  5  October  1968.  Section  1 
was  being  placed  on  5  October  1968.  Section  2  developed  transverse 
cracks  at  80  and  110  ft  from  one  end  after  being  subjected  to  construc¬ 
tion  traffic  and  normal  residential  traffic.  Section  3  had  no  cracks  and 
was  subjected  to  no  traffic.  Section  4  when  opened  to  traffic  had  longi¬ 
tudinal  construction  and  contraction  joints  and  transverse  contraction 
joints  in  base  pavement  that  reflected  through  the  fibrous  concrete 
overlay. 

53 

PLACEMENT  8  (Reported  in  ACPA  Newsletter,  October  1972,  ,  Arnold  and 

13  45 

Brown,  and  Arnold  ) 

Location:  Detroit,  Mich. 

Date  Placed:  October  1972 

Type  of  Facility:  Overlay  of  urban  street 
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Size:  3.300  by  48  ft  by  3  in.  (slabs  were  100  by  12,  50  by  2h ,  and 
50  by  2h  ft) 

Type  of  Joints:  Longitudinal  construction  joints  were  butt  joints; 
transverse  contraction  joints  were  sawed  at  50-  and  100-ft  intervals  in 
various  sections;  longitudinal  contraction  joints  were  sawed  in  a  por¬ 
tion  of  the  job 

Type  of  Fiber:  1-  by  0.010-  by  0.022-in.  rectangular  fibers 
Mix  Design:  Two  fiber  loads  were  used,  120  and  200  lb  per  cubic 
yard;  9  bags  of  type  1A  cement  per  cubic  yard;  3/8-in.  maximum-size  slag 
aggregate;  60  percent  fine  and  hO  percent  coarse  aggregate;  0.37  water- 
cement  ratio 

Remarks :  The  concrete  was  batched  and  mixed  in  a  central-mix 
plant  and  transported  in  transit-mix  trucks.  There  were  numerous  fiber 
balls  in  the  mix.  The  concrete  was  placed  directly  on  old  PCC  pavement 
with  a  slip-form  paver.  There  were  no  problems  in  placement.  The 
method  used  for  controlling  grade  was  inadequate  because  several  thin 
areas  resulted.  Some  areas  received  thicknesses  of  about  1  in.  instead 
of  the  prescribed  3-in.  minimum.  Several  of  the  areas  in  which  the  con¬ 
crete  was  thin  cracked,  and  large  pieces  broke  out,  requiring  complete 
removal  and  repair.  Serious  cracking  has  occurred  in  the  areas  in  which 
concrete  containing  120  lb  of  fiber  per  cubic  yard  was  used,  and  some 
cracking  has  developed  in  areas  in  which  concrete  containing  200  lb  of 
fiber  per  cubic  yard  was  used.  There  has  been  a  loss  of  bond  between 
the  overlay  and  the  base  pavement.  As  a  result,  serious  curling  is 
occurring  along  the  slab  edges.  The  movement  of  the  slab  is  visible 
when  vehicles  pass  over  the  joints,  and  signs  of  early  deterioration 
are  evident. 

PLACEMENT  9  (Reported  in  A CPA  Newsletter,  October  1973'  ) 

Location:  Greene  County,  Iowa 

Date  Placed:  September-October  1973 

Type  of  Facility:  Overlay  of  county  road 

Size:  3  03  miles  long,  22  ft  wide,  variable  thickness  (Project 
consists  of  hi  test  sections  of  approximately  hOO  ft  in  length,  including 
10  duplicated  sections  for  control.  These  4l  sections  overlay  both  lanes 


of  an  old  PCC  pavement  built  in  1921  and  1922.  Since  the  old  PCC  pave¬ 
ment  was  only  18  ft  wide,  2-ft  widening  sections  of  PCC  4  in.  in  thick¬ 
ness  were  constructed  on  each  side  of  the  old  slab  as  part  of  the  re¬ 
search  project.  The  slab  to  be  overlayed  is  22  ft  wide.  The  old 
l8-ft-wide  slab  is  8-1/2  in.  thick) 

Type  of  Fiber:  1-  by  0.010-  by  0.022-in.  rectangular  fibers, 
and  2-1/2-  by  0.025-in.  round  fibers 

Sections  1  and  39:  5-in. -thick  partially  bonded  plain  PCC 

overlays . 

Section  1*0:  3-in. -thick  partially  bonded  plain  PCC  overlay. 

Sections  2  and  38:  4-in. -thick  partially  bonded  mesh-reinforced 

PCC  overlays. 

Sections  3  and  6:  4-  and  3-in. -thick,  respectively,  bonded 

continuously  reinforced  PCC  overlays. 

Sections  4  and  5:  4-  and  3-in. -thick,  respectively,  unbonded 

continuously  reinforced  PCC  overlays  with  "elastic"  joints  on  8-ft 
centers .  This  installation  may  be  the  first  "elastic"  jointed  con¬ 
tinuously  reinforced  resurfacing  job  in  the  United  States. 

Sections  22  and  40A:  3-in. -thick  fibrous  concrete  overlays  with 

jfly  ash  and  placed  on  grade. 

Sections  12  and  21:  3-in. -thick  bonded  fibrous  concrete  overlays. 

Sections  29  and  36:  2-in. -thick  bonded  fibrous  concrete  overlays. 

Section  23:  2-1/4-in. -thick  bonded  fibrous  concrete  overlay 

of  a  bridge  deck. 

Sections  11  and  35:  3-  and  2-in. -thick,  respectively,  unbonded 

fibrous  concrete  overlays. 

Sections  7-10 ,  13-20,  24,  25,  and  37:  3-in. -thick  partially 

bonded  fibrous  concrete  overlays. 

Sections  26-28  and  30-34 :  2-in. -thick  partially  bonded  fibrous 

concrete  overlays. 

Mixing  and  Construction:  Concrete  was  batched  and  mixed  in  a 
central-mix  plant  and  transported  in  nonagitating  end -dump  trucks. 

Fibers  were  batched  by  dumping  boxes  of  fibers  into  a  front-end  loader. 
The  fibers  were  dumped  from  the  front-end  loader  onto  a  vibrating 
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screen  which  dispensed  the  fibers  onto  a  conveyor  belt  which  fed  onto 
the  aggregate  charging  belt  of  the  central-mix  plant.  The  screen  had 
diamond-shaped  openings  with  overall  dimensions  of  1  by  3  in.  The  con¬ 
crete  was  placed  with  a  slip-form  paver.  For  the  unbonded  sections, 
two  sheets  of  polyethylene  were  placed  between  the  overlay  and  the  base 
slab.  For  the  bonded  sections,  bond  was  achieved  by  a  layer  of  neat 
cement  grout.  For  the  partially  bonded  sections,  the  surface  was 
cleaned  of  debris  and  moistened  prior  to  placement  of  the  overlay. 

Remarks :  Inspection  of  the  pavements  after  about  8  months  of 
service  revealed  the  following: 

a.  The  3-in. -thick  pavements  were  performing  significantly 
better  than  the  2-in.  pavements. 

b.  The  2-in.  pavements  were  tending  to  deteriorate  along  the 
edges  and  joints  for  all  bond  conditions.  The  deterioration 
was  most  serious  in  the  unbonded  sections  and  seemed  to  be 
associated  with  warping  and  curling  of  the  thin  slabs. 

c_.  Bond  was  being  lost  in  the  bonded  sections. 

d.  The  2-1/2-in. -long  fibers  appeared  to  be  more  effective  than 
the  1-in. -long  fibers  in  preventing  cracks  from  widening. 

£.  For  the  cement  contents  used  (600  and  750  lb  per  cubic  yard), 
there  was  no  apparent  differences  in  performance. 

f.  For  the  range  of  fiber  contents  used  (60,  100,  and  l60  lb 
per  cubic  yard),  the  sections  with  l60  lb  of  fiber  per  cubic 
yard  perform  significantly  better  than  the  sections  with  100 
or  60  lb  per  cubic  yard. 


APPENDIX  B:  PROPOSED  DESIGN  PROCEDURES 


This  appendix  presents  thickness  design  charts,  charts  for  com¬ 
puting  elastic  pavement  deflection,  and  tables  of  limiting  elastic  pave¬ 
ment  deflectiori  for  civil  and  military  aircraft.  These  charts  and 
tables  form  the  basis  of  a  procedure  for  determining  the  required  thick¬ 
ness  of  fibrous  concrete  pavement.  The  curves  and  tables  were  developed 
using  criteria  described  in  the  main  text  of  this  report. 

The  curves  and  table  for  civil  aircraft  are  compatible  with 
Federal  Aviation  Administration  (FAA)  format  as  contained  in  FAA  Advisory 
Circular  AC  150/5320-6B.  The  curves  and  table  for  military  aircraft 
are  compatible  with  Department  of  the  Army  format  as  contained  in  Tech¬ 
nical  Manual  TM  5-823-S^9  and  TM  5-82h-3.5° 

Required  thicknesses  based  on  the  limiting  stress  criterion  can  be 
determined  from  Figures  Bl-BJ  for  civil  aircraft  and  from  Figures  B8-B11 
for  military  aircraft.  Pavement  thicknesses  obtained  from  these  charts 
can  be  checked  by  determining  the  elastic  pavement  deflection  from  Fig¬ 
ures  B12-B22  for  the  aircraft  in  question,  and  comparing  this  with 
limiting  deflections  obtained  from  Table  B1  or  B2. 


Table  B1 


Limiting  Elastic  Deflections  for  Civil  Aircraft 


Figures  B1-B7  are  entered  with  the  design  concrete  flexural 
strength,  soil  modulus,  aircraft  load,  and  traffic  volume  to  obtain  the 
required  slab  thickness  for  civil  airports.  Traffic  volumes  are  shown 
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Table  B2 

Limiting  Elastic  Deflections  for  Military  Aircraft 


Limiting  Deflection,  in.,  for  Cited  Pavement 


Traffic 

Light-Load 

Medium-Load 

i  J 

Heavy-Load 

Special 

Design 

Passes 

Pavement 

Pavement 

Pavement 

Pavement 

Type  A  Areas 


200 

— 

0.11+5 

0.125 

— 

1,000 

— 

0.100 

0.085 

— 

5,000 

— 

0.075 

0.065 

— 

15,000 

— 

0.060 

0.055 

— 

25,000 

— 

0.055 

0.055 

— 

50,000 

— 

0.055 

0.050 

— 

100,000 

-- 

0.050 

0.050 

-  - 

Type  B  Areas 

200 

0.180 

0.165 

0.130 

0.160 

1,000 

0.125 

.  0.115 

0.090 

0.110 

5,000 

0.090 

0.085 

0.065 

0.080 

15,000 

0.070 

O.O65 

0.055 

0.065 

25,000 

0.065 

0.060 

0.055 

0.060 

50,000 

0.060 

0.055 

0.050 

0.055 

100,000 

0.055 

0.055 

0.050 

0.055 

200,000 

0.050 

0.050 

0.050 

0.050 

300,000 

0.050 

0.050 

0.050 

0.050 

1+00,000 

0.050 

0.050 

0.050 

0.050 

Type  C  Areas 

200 

0.210 

0.165 

0.130 

0.185 

1,000 

0.150 

0.115 

0.090 

0.130 

5,000 

0.100 

0.085 

0.065 

0.090 

15,000 

0.080 

O.O65 

0.055 

0.075 

25,000 

0.075 

0.060 

0.055 

0.060 

50,000 

0.065 

0.055 

0.050 

0.055 

100,000 

0.060 

0.055 

0.050 

0.050 

200,000 

0.055 

0.050 

0.050 

0.050 

300,000 

0.050 

0.050 

0.050 

0.050 

1+00,000 

0.050 

0.050 

0.050 

0.050 

Type  D  Areas 

200 

0.110 

0.110 

-  - 
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in  terms  of  annual  departures .  Aircraft  arrivals  are  neglected.  The 
curves  are  based  on  a  20-year  design  life,  i.e.,  each  traffic  curve 
represents  a  design  for  a  number  of  aircraft  departures  equal  to  20  times 
the  indicated  annual  departure  level. 

Figures  B8-B11  are  entered  with  the  design  concrete  flexural 
strength,  soil  modulus,  aircraft  load,  traffic  volume,  and  traffic  area 
to  obtain  the  required  slab  thickness  for  military  airfields.  Traffic 
volumes  in  terms  of  total  aircraft  passes  are  shown  on  the  curves.  Re¬ 
quirements  for  design  loadings  (light,  medium,  heavy,  and  special)  and 
traffic  areas  (A,  B,  C,  and  D)  are  as  specified  in  TM  5-824-1.*^ 

The  thickness  design  curves  in  Figures  B1-B8  are  entered  with  the 
design  flexural  strength  on  the  vertical  axis.  From  this  point,  the 
required  thickness  is  obtained  by  proceeding  through  the  chart  as  illus¬ 
trated  by  the  dashed  lines.  From  the  flexural  strength  scaie,  a  hori¬ 
zontal  line  is  drawn  until  it  intersects  the  appropriate  soil  modulus 
curve.  From  this  intersection,  u  vertical  line  is  drawn  until  it  inter¬ 
sects  the  appropriate  load  curve.  From  this  intersection,  a  horizontal 
line  is  drawn  until  it  intersects  the  appropriate  traffic  curve.  Finally , 
a  vertical  line  is  drawn  through  this  intersection  until  it  intersects 
the  horizontal  thicxness  scale  at  the  required  thickness. 

The  procedures  for  using  Figures  B8-B11  are  similar  to  the  pro¬ 
cedures  for  Figures  B1-B7.  However,  one  additional  step  is  added.  Once 
the  intersection  with  the  curve  for  traffic  volume  is  found,  a  vertical 
line  is  drawn  until  it  intersects  the  appropriate  traffic  area  curve. 

From  this  intersection,  a  horizontal  line  is  drawn  until  it  intersects 
the  vertical,  thickness  scale  at  the  required  thickness. 

Figures  B12-B22  are  entered  with  the  s.1  ab  thickness  (from  Fig¬ 
ures  Bl-Bll),  soil  modulus ,  and  aircraft  load,  and  the  maximum  elastic 
pavement  deflection  is  obtained.  The  deflection  thus  obtained  is  com¬ 
pared  with  limiting  values  obtained  from  Table  B1  for  civil  aircraft  and 
Table  B2  for  military  aircraft.  If  the  computed  deflection  is  larger 
than  the  limiting  deflection,  the  slab  thickness  must  be  increased  until 
the  computed  deflection  is  less  than  or  equal  to  the  limiting  deflection, 
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or  a  new  design  must  "be  initiated  with  different  design  parameters,  such 
as  concrete  strength  and  soil  modulus. 

Elastic  deflection  is  obtained  from  Figures  B12-B22  by  entering 
the  vertical  thickness  scale  with  the  slab  thickness  and  proceeding  as 
indicated  by  the  dashed  lines.  From  the  thickness  scale,  a  horizontal 
line  is  drawn  until  it  intersects  the  appropriate  Boil  modulus  curve. 
From  this  intersection,  a  vertical  line  is  drawn  until  the  appropriate 
load  curve  is  intersected.  Finally,  a  horizontal  line  is  drawn  through 
this  intersection  until  the  vertical  deflection  scale  is  intersected  at 
the  resulting  elastic  vertical  deflection. 
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Figure  B6.  Fibrous  concrete  pavement,  design  curves  for  DC-10-30  aircraft  on  critical  areas 


Figure  B8.  Fibrous  concrete  pavement  design  curves  for  light-load  pavements 


Fibrous  concrete  pavement  design  curves  for  heavy- load  pavements 


SLAB  THICKNESS,  IN. 


SLAB  THICKNESS,  IN. 


Figure  B13.  Curves  for  computation  of  elastic  slab  deflection  for 
civil  aircraft  having  dual-wheel  gears 
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SLAB  THICKNESS ,  IN. 


DEFLECTION,  IN. 


SLAB  THICKNESS,  IN. 


Figure  B15.  Curves  for  computation  of  elastic  slab  deflection  for 
Boeing  747  aircraft 


V 


DEFLECTION,  IN. 


SLAB  THICKNESS,  IN. 


NOTE:  DEFLECTIONS  COMPUTED  FOR 
SINGLE-WHEEL  GEAR  HAVING 
100-SQ-IN.  CONTACT  AREA. 


SLAB  THICKNESS 


figure  322.  Curves  for  computation  of  elastic  slab  de'flection  for 
special  design  pavements 
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